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Der Einfluf! der Schwingung

auf verbotene Elektroneniiberginge.

Von
H. SpoNER und K. F. IIERZFELD.
(Eingegangen awm 13. Mai 1952.)

Bei Molekiilen mit hoher Symmetrie kommt es vor, dall gewissc Eicktroneniiber-

ginge an sich verboten sind, durch iiberlagertc Schwingungen aber schwach

erlaubt gemacht werden. Hierher gehort z.B. die Benzolabsorption um 2600 A.

Der Effekt der Schwingungist zweifach: a) Dic Kernc werden verschoben; b) dadurch

werden die Koeffizienten in dcr Elektronenwellcnfunkiion geindert. In dieser

Arbeit wird Effekt a) allcin berechnet, aber als viel zu schwach gefunden. Der
Haupttcil der Intensitit rithrt daher von b) ler.

1. Problemstellung.
Die Matrizenelemente des Ubergangsmoments eines Elektroneniiber-
gangs

el

M= Y} M¥,dx

hingen von der Kernkonfiguration ab, d.h. sie dudern sich mit den
Kemnverschiebungen. Fir kleine Verschiebungen kann man M in eine
Potenzreihe nach dem Normalkoordinaton &, entwickeln.

M=M+ XM+ 20 M E 5+

Wenn M, von Nuil verschieden ist, hingt das Moment nicht wesentlich
von den Kernverschieburigen ab. Dann sind Schwingungsiiberginge
v —>1v erlaubt. Dies tritt ein, wenn das direkte Prodult der Transfor-
mationseigenschaften der drei Faktoren ¥’, ¥’ und M einen total
symmetrischen Term enthilt.

A, Ist dagegen der in & lineare Summand der erste Term in M, dann
sind Schwingungsiiberginge » — v verboten, und man erhilt Dipoliiber-
gange, die erst durch die Schwingung erlaubt gomacht werden.

Im besonderen entspricht die Absorptionsbande des Benzoldampfs
um 2600 A cinem veribotenen Ubergang! 2, da die Wellenfunktion des
Grundzustandes hexagonale, die des erregten Zustandes trigonale Sym-
metrie hat. Die Bande, der ein j-Wert von 0,0016 zukommt, wird durch
die Uberlagerung der Schwingung mit Wellenzahl 520 {im erregten
Zustard) erlaubt gemacht® Eine Schwingung kann einen Ubergang

1 SKLAR, A.L.: J. Chem. Phys. §, 669 (1937).

2 GorPPERT-MAYER, M., u. A. L. SxrAR: J. Chem. Phys. 6, 645 (1938).

3 SponNER, H., G. NorDHEIM, A. L. SkrLAR u. E. TELLER: J. Chem. Phys. 7,
207 (1939).
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49 3. Seoxer und K. F. HERZFELD:

nur dann erlaubt machen, wenr. die Wellenfuriktion #nicht als Produkt
der Elektronen- und Schwingurgsweilenfunktion dargestellt werden
kann. In dieser Arbeit soll unte;sucht werden, ob man diesen Effekt
quantitativ berechuen kann.,

2. Aligenieine Theorie.

Wir betrachten im allgemeinea ein ebenes Molekiil, in welchem nur
Kohlenstoffatome an der Absorption betziligt sind. Der Elektronen-
iibergang soll zwischen Zustindern erfolgen, die sich nur durch ver-
schiedenc lineare Kombination der atomaren Welienfunktionen unter-
scheiden, und keine atomar: Erregung voraussetzen.

Wir berticksichtigen ferner nur die s-Elektronen, und im besonderen
nur dasjenige, welches erregt wird. Als Methode wihlen wir die der
Molekiilwellenfunktion, in der die Molekiilwellenfunktion linear aus
Atomwellenfunktionen zusammengesetzt wird (in der amerikanischea
Literatur als LAO-MC bezeichnet). Da als Atomfunktion 2 Wasserstoff-
funktionen beniitzt werden, schreibun wir fiir die Elektronenfunktion
des Grundzustandes v < .

4 =Z;"i?57' (1)

V' =3b.0, (2)

wo die a, b Koeffizienten sind und die Indizes sich auf das j-te, bzw.
k-te Atom beziehen.

fir den angeregten Zustand

Es bezeichne R’i die Ruhelage des j-ten Kernes, A—ﬁ,. {die x-Kompo-
nente sei 4X) scine Verschiebung durch die Schwingung; ¢ (Q) sei die
Schwingungswellenfunktion der betrachteten Eigenschwingung, dt das
Element der Elektronenkoordinaten. Wir nehmen nun an, daB die
Schwingung die Koeffizienten a, b der Elektronenwellenfunktion nzcit
dndert, sondern nur die Lage der p-Funktionen im Raum. Dann ist
die gesamte Wellenfunktion im erregten Zustand fiir den Schwingungs-

iibergang 0 —1, , 1 R 1R '
gang P = (Q) b, 5, (R, + AR, , 3)

wobei die Klammer hinter den p, die Lage des k-ten Kerns angibt. Die
Koppiung kommt so zustanae, daBB 4 R in der Elekircnenwellenfunktion
auftritt.

Man hat nun als Mement in der x-Richtung?, dividiert durch die
Elektroreuic.dung,

l M (%,0,1) =¥ x¥"*dz
=Y e, [F(Q)eV(Q)dO [ p;(R) x py (R, + AR, dz. |

! Man zeigt leicht, indem man zeitabhingige Wellenfunktionen beniitzt, daB
(4) zum sichtigen Ubergang genhort.

(4)
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In M (x,0,1) 1st x €in Index, nicht ein Argument. Man schreibt nun
pr(R+ 4R = p, (R + (AR, Gradp,) , (5)

wo Grad sich auf die Kernverschiebung bezieht.
Wir wollen nun die Integrale

[pjxppdr

berechnen und dabei den Teil, der nicht von der Verschiebung herriihrt
und daber nuch Summation null ergibt, gleich weglassen. Man muB
ien Fall k=j und k=7 unterscheiden. Im ersten I-ali ist

[ orx (Zi_l.ék' Gradp)dt-~=4fx (AT?} - Grad pi) dt 6
= 1fx(AR,-gradpdd.

Hier be:ieht sich grad auf die Elektronenkoordinaten und die Beziechung
folgt, da in p die Differenz von E£lekt:onen- und Kernkoordinaten auf-
tritt. Durch partielle Integration sicht man dann leicht, daf3 (6) gleich

é“d Xk
wird.
Fiir k=7 bezeichne man mit x;, den Mittelwert der x-Koordinate
von Kern 2 und Kern j und schreive
x=2x;,+£.

Dann folgt aus der Symmetrie der p-Funktionen, da3

TPiapedr=2;, [ p;0xd7T = 2,4 S, (7)
wo S, das Uberlappungsintagral ist.
Der Effekt einer Verschiebung von Kern %2 auf den Ausdruck (7)

ist zweifach: Erstens wird #;, um § 4 X, veridndert; zweitens wird das
Uberiappungsirtegral um

dS;ik o
.dri_k-z]rik =S"Ar;,
gedndert, wobei 47, dic Anderung des Abstandes § —£k ist.

Daher wird schlieBlich:
Man definiere nun zwei Gruppen von Konstanten, die die Verschiebungen
bei der betrachteten Eigenschwingung mit der Normalkoordinate @ ver-
binden:
4X 5= f’bQ ]

(9)
Af';'.l- =910 I
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Ferner ist eine Masse m, dadurch definiert, dal die kinetische Energie
der Schwingung gleich

3 m (AX;+ AVE+ AZE) = tm, Q*

ist. », sei die Frequenz der Schwingung.
Dann wird

:—M(x,0,1)=[2-2a2‘bkﬂk+ ZZa;‘ka
ki
X[ 5 BrSin+vin s S| [99(0) Q9(Q) 0

1/ h Y
—L]—z;-z(gnsv;)-

(10)

Sei » diec Frequenz, die dem Elektroneniibergang entspricht, m, die
Elektronenmasse, so ist bekanntlich die gesuchte Elektronenzahl f ge-
geben durch

Satm,v ' 1 2
;e R L
7 Ih |IeM(x,0,1) v
aiso
m, v 1 ~ ® ez ’ '
f='m: w12 P_.“f ”kﬂk’*‘zk,.z.,a; bk(ﬂksikT‘zyikxiksik)]:z' (11)
T k%] !

3. Anwendung auf Benzol.

Wir wolien nur die Wechselwirkungen mit nachsten Nachbara in
Betracht ziehen. Alle Abstinde zwischen nédchsten Nachbarn sind gleich v
(Abstand 7), die Uberlappungsintegrale

S =0,26 rS' = —0,587.

Die Klammer in (11) wird dann
[1=2albpfp+ SZ (a1 + afy)) by B + 27 S'X

1 , 1 (12)
X Z{a;‘—l'z;(xlz—l + %) Yr—1, + al?+l'2, (a41+ %) Yasa, k}

ein, worin die x, die ungestorten Koordinaten der Atome % sind.

Ferner fithre man die radialen und tangentiellen Komponenten der
Verschiebung des k-ten Atoms ein, p, Q und 0, Q, die letztere positiv
fiir einen Rechtsumlaui.

Dann hat man als Komponenten fiir ¢

N 1
Ve—1,k = V41,6 = QSN == -0,
3 2
s _ ® __ 1 2
~ PYi—1, = Vi+1,, = 03, COS 3= 2‘1// Ty

e ] S )
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Die Vorzeichen bedeuten, daB eine radiale Bcwegung beide anliegenden
Bindungen streckt, wihrend tangentielle Bewegung die eine streckt, die
andere zusammendriickt. Der letzte Summenausdruck in (12) wird dann

1 FNY o Frey *  Fr+a * x \ %k
"i"s).{“lz—x T Gy + (a1 + agsa) 7, brow +

: (13)
b t g —

S S'Z {— ay_, z'f'k;l + afyy x?l + (@i + a:+l)'tk}bkakv3 . l
Dieser Ausdruck soll nun auf den Elektroneniibergang bei 2600A an-
gewandt werden. Nach GOEPPERT-MAYER und SKLAR! ist das Moment
die Differenz zweier Gré8en2: Die erste entspricht dem Ubergang eines
Eiektrons von der Einelektronenfunktion @_, zu @ ,, die zweite, dem
Ubergang von @, zu @_,. Seien N, N, die Normierungsfaktoren,
dann hat man, von einem Faktor {2 N, N,)~ 4 fiir die Produkte abgesehen,
die folgenden Werte fiir 2 und b

(D——l a,’f:exp(z'-': k) q)+1 a:_—_exp(._z%k)

2k) D, by=exp (—z; zk).
Daher ist
ar b, =2¢sinmk =0

(ap_y-b-e¥. ) b,=4disinxkcos> =0

Q4 w'a

(—af_y+ af ) b, = 4i cosm ksin - =24 (—1)*.

w

Um die iibrigen Terme ehifach auszudriicken, ersetzen wir x, durch
%), 9-%%,. 1dann ist

:—(x + ¢ ¥)p=exp :ti—’z' (5—2k),
und daher

]

7

o

(xtiy)1={x+ iy)kexp(:{:?“

).

w

Man erhilt
ap—(x £ Y)s 10t afi (¥ £ 9)4an by
= & (1) (2050 ] (r ki) =F 3 (P 2i s
Fiir —ay_, statt L g, wird die rechte Seite
(-1)F2dsin T (x 2iy)y= (134 (x Li py
: GOEPPSRT-MAYER, M. u. A. L. SKLaR: J. Chem. Phys. 6, 645 (1938).

¢ Wenn man die Antisyminetrisierung vollstindig durchfiihrt, erhilt man noch
andere Terme, die aber héhere Potenzen der Verschiebungen enthalten.
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Daher wird in (12), abgesehen von der Phase
- . , 2 N s ,
(=3 7SS0t ki {F et (1 .l,3~)wk}- (13)

Man hat ferner 2 N,N,=96-1,739, »=133010, v, =520 Wellenzahlen.

Bezeichne M, die effektive Masse der Schwingung in Molekulargewichts-
einheiten ; dann ist (11)
— 156207 T e o Z il BT
[= ST Sy i FA) [ ont (14 Vs)wk}; . (14

Die verschiedenen Schwingungen, die den Ubergang erlaubt machen,
setzen sich aus den radialen und tangentiellen Schwingungen mit ver-
schiedenen Koeffizienten zusammen. Daher schreibt man zweckmiBig

g,

&

Cr = % e, Oy = =
wobet g,/p; ox/o durch die Symmetriekoordinate bestimmt ist, wihrend
¢ und o die Koeffizienten sind, mit denen die Symmetrickoordinaten
in der Normalkoordinate auftreten. Dann wird

f= _1,5_(;"4:0_5 ',Q{Z (—1)* (iiexp:{:i '3‘ ;3) _&;1\-‘} +
+(\1 !’--‘/2;)6{2(—1”(0“(133:1';- ;3)'?};2. (15)

Bei den Schwingungen, die uns interessieren, nimmt jedes H praktisch
starr an der Schwingung des betreffenden C Atoms teil, so daB man
Giuppen des,,Atom‘‘-Gewichts 13 hat. Zur Bestimmung von M, schreibt
man die kinetische Energie

Y M, Q2 = §13 3 (03 + 02 O

m-nleSefeSE@) o

Nach CralG! hat man fiir die Symmetriekoordinaten
(Z.O; —1) +1; 0; _1n +1) 2%:_2; +1; —+~1! __-2! +'1) _*41
d.h.
M, = 52 (g2 + §o?).
Die Ausrechnung ergibt

2 2
2V3g+(1+ /2.)0 {94»(;—{— _1/7 )a]
=310~ - _i—lﬁ;-_ =3:6-10'“-—--——~321—3-« - (An
¢+ ot P e

Nac: CratG? ist fiir die 520 Schwingung ¢=0.9, ¢ =—0,25.

! Craig, P.: j. Chem. Soc. 1950, 59.
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Eingesetzt in (17) ergibt sich
f=2,4.10"8,

Nicht nur ist dieser Wert um einen Fuktor 700 zu klein, sondzarn unsere
Rechnung ergibt auch fir die Einwirkung der 1572 Schwingung einen
f-Wert derselben Gro8encrdnung. Da hier die Wellenzahl », dreimal
so groB ist, ist der Faktor in (17) durch 3 zu dividieren. Ferner ist nach
CrAIG p =0,44, 0 =0,52.
Man erhilt
f=0,8-10"¢.

Experimentell ist aber fiir diese Schwingung der f-Wert etwa 100mal
kieiner als der fir die erst behandelte.

4. SchlufBfolgerungen.

Aus dem Vorangechenden mufl man schlieBen, da@ der hier behandelte
Effekt nur ecinen kleinen Beitrag zum Ubergangsmoment liefert, und
daB der Hauptanteil von der Anderung! der Kceffizienten (b,) in der
Wellenfunktioi: herriihrt, eine Anderung, die durch die von der Schwin-
gung verursachten Abstandsianderungen bedingt wird. Tatsichlich hat
Cra1G 2 eine befriedigende Abschidtzung von f dadurch errcicht, dal er
eine Beimischung des ecrregten Zustandes E, (erlaubter Ubergang
1800A) in den Zustand B, durch dic Schwingung berechnet. Eine
solche Beimischung hedeutet aber eine Anderung der Koeffizienten b&.

Der f-Wert der Dipolstrahlung, die von der 0-+1 Schwingung ber-
rithrt, ist dann

F= Sy 2y 12 {0F il + STal, ki gl + it
N s : 1

. - dby 2

taty i G |

Durham (N.C., USA.), Duke University.
Washington (D. C., USA.), Catholic University of America.

! HERZBERG, G., u. E. TRLLER: Z. phys. Chem. abt. B 21, 410 (1033).
2 Craig, P.: J. Chem. Scc. 1950, 50,

Druck der Universitatsdruckerei H. Stiirtz AG., Wiirzburg
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On the Mclecular-Orbital Theory of Conjugated Organic Compounds with Application
to the Perturbed Benzene Ring*

PEr-Orov Lowpin
Department of Physics, Duke University, Durham, North Carolinat

(Received August 13, 1952}

© Tkt~ electronic structure of a molecular system is investigated by using the idea of molecular orbitals.
The behavior of the scparate molecular orbitals and the orbital energies under the influence of the substitu-
tion of oua or more heteroatoms, considered as perturbations, is examined. A series of quantities, separate
charge orders, bond orders, and mutabilities are introduced, giving information about some characteristic
physical and chemical properties of the compound. The perturbation scheme is carried out explicitly to the
second order in the energies and to the first order in the orkitals, and special attention is paid to the treat-
ment of degenerate levcis. The overlapping problem is fi'ly discussed. The basic results are independent of
any empirical parameters, and they may be used either in the naive semi-empirical theory or in a more
elaborate theoretical approach ba.ed on an antisymmetrized molecular wave functici.

As an example, numcrical applications arz carried out in detail on benzene. Separate charge orders, bond
orders, and mutabilities are tabulated, and orbital energies for 2 perturbed benzene ring with one or two

heteroatoms are explicitly given.

INTRODUCTION

’_[ ‘HE miolecular erbital theory for treating proper-
A4 ties of molecules, developed by Lennard-Jones,
Hund, and Mulliken, was first applied to the aromatic
organic compounds by Hiickel’ in his investigation of
thie mobile electrens of the benzene ring. Hiickel*> was
also interested in the problem of the change of the elec-
tronic structure caused by the introduction in the ring
of a heteroatom or a substitueit, which he considered
as perturbations. However, Hiickel’s mathematicai
results concerning the directing power of such a per-
turbation were given their cerrect chemical interpreta-
tion first by Wheland and Pauling® who further de-
veloped the theory.

The whole approach had a semi-empirical character,
since the fundamentai integrals were considered as
adjustable parameters which had to be found from ob-
served data, and the whole theory was, therefore, es-
sentially a device for correlating one set of experimental
data with another. This naive molecular thecry has
been successful in treating the ground state of the
aromatic molecules and conjugated systems in general,
describing the connection between such quantities as
electron affinities, resonance energies, ionization ener-
gies, dipole mon.ents, bond lengths, etc., and explain-
ing the fundamental chemical law of alternating
polarity.*

* Work sapported by the U. S. Office of Naval Research under
Contract Nuori-107, Task Order I, with Duke University.

t Permanent address Institutc of Mechanics and Mathematical
Physics, University of Upysala, Uppsala, Sweden.

VE. Hiickel, Z. Physik 70, 204 (1931).

*E. Huckel Z. Physik 72 310 (1931), 76, 628 (1932).

IG. W Wheland and L. Paulmg,_] Am. Chem. Soc. 57, 2001
(1030). See also . W. Wheland, J. Am. Chem. Soc. 64, 902
(1942), and H. C. Longuet nggms and C. A. Coulson, Trans.
Faraday Soc. 43, 87 (1647).

¢ A survey of the .evelonment of the theory, treating _mostly
bond lengths but also other | properties, has recently been given by
J. Lennard-Jones, Proc. Roy. Soc. (Lundor) A207, 75 (1931)
where also a list of references may be fonnd.

A general theory of the electronic structure of con-
jugated systems based on these ideas has later been de-
veloped by Coulson and Longuet-Higgins.® By intro-
ducing the new and useful concepts of tota! charge
orders, bond orders, and mutual polarizabilities of all
the mobile electrons, they could obtain valuable in-
formation particularly about such propertics of the
molecule as are independent of the adjustable param-
eters. Their theory was still based on the “naive’ as-
sumption that the total energy of the mobile electrons
could be derived simply by summing the orbital ener-
gies of all occupied orbiials,” and the basic quantities
mentioned above could then be obtained us the first and
second derivatives of this energy with respect to the
perturbation integrals.

lthough the naive theory has been remarkably suc-
cessful in ‘reating the ground state of ine conjugated
compounds, it has usually failed when one has tried to
extend it to the excited states. There are also other
strong indications that a more exact theory would be
desirable. It is well known that a better theoretical
approach can be based on an antisymmetrized molecular
wave function, which is approzimated by a d~terminant
or a sum of determinants constructed frem molecular
spin orbitals. We note that, in this case, the molecular
orbitals and the orbital energies piay still a fundamental
role,” but that the sum of the orbital energiss involved
has lost its simple physical meaning. This implies that
it is probably just as important to investigate the
separate orbital energies and their derivatives with
respect to the perturbation integrals as it was to consider
the “total” quantities, obtained by simply summing the
contributions from ali the mobiie electrons,

The purpcse of this paper is therefore to give a theory

5 C. A. Coulsom and H. C. Longuet-Higgins, Proc. Roy. Soc.
(London) A191, 39; 192, 16 (1947); 193, 447, 456; 195, 188 (1948).

$ Compare V. Fock, Z. Physik 61, 126 (1930); see also R. G.
Parr, J. Chem. Phys. 19, 799 (1951).

¥ Compare also the band theory of crystale,

496
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of the robile electrons of « conjugated system, which is
a generalization of the ideas introduced by Coulson
and Longuet-Higgins, but where, instead of the naive
total energy and its derivatives, we wili 1avestigate the
behavior of the separate molecular orbitals and orbital
energies under the influc 'c2 of a perturbation caused by
the substitution in the system of one or more hetsro-
atums., We will define a series of quantities, separate
charge orders, bond orders, and mutabilities, which
can be derived from the orbital energies in the same
way as the total quantities couid be derived from the
previous “total energy.” In this case, particular at-
tention has to be paid to the treatment of the degenerate
levels, l.e., the moleculor orbitale having the same
orbital energy, and, for this purpose, we will uze a
special perturbation scheme which was recently de-
scribed by the author. The perturbation treatment will
be carried out explicitly to the second order in the ener-
gies and to the first order in the orbitals,

The results obtained are independent of all adjustable
parameters, and we note that they can be used in the
naive semi-empirical theory as well as in a more elab-
orate theory based on an antisymmetrized molecular
wave function. I this paper, we will consider only the
problem of calcuiating the separate molecuiar orbitals
and orbital energies by using perturbation theory, and
the question, how these orbitals should be properly
combined in order to correspond to the various molecu-
lar states, will be treated in a later publication.?

As an example of the theory, numerical applicationrs
will be carried out in detail on the perturbed benzene
ring. Separate charge orders, bond orders, and muiabili-
ties will be tabulated, and the orbital energics for a ring
perturbed by one or two hetercatoms will be explicitly
given.

PART 1. ON THE GENERAL MOLECULAR-ORRITAL
THEORY OF CONJUGATED SYSTEMS

1. The Effective Hamiltonian and the Secular
Equation; The Overlapping Problem

The molecular orbital method for treating properties
of molecules is essentially based on the idea of the
existence of an effective Hamiltonian H ., which is a
one-electror operator working on the space-coordi-
nates, x= {x;, %, %3), of a single electron. The physical
meaning of He 1s simple: it is the quantum-mechanical
equivalent to the energy of 2 single electron moving in
the potential field of the nuclear framework and of all
the other electrons. The molecular orbitals ¥(x) and the
orbital energies € are then given as the eigenfunctions
and the eigenvalues of the Schriodinger equation

He"¢'=¢¢. (1)

The idea that the behavior of each electron in a
many-eleciron system is approximately regulated by an

8 P. 0. Lowdin, “On the basis of the melecular orbital theory of
molecules” (to be published).

MOLECULAR-ORBITAL THEORY

effective Hamiitoniar goes back to Hartree, who de-
veloped it for the atomic case. Later this idea was
refined by Slater, Fock, and Dirac, showing that the
effective Hamiltonian could be derived from the ordi-
nary Hamiltonian for the totz! many-electron system
by using the variational principle and forms of the total
wave function approximated by simple products or
an‘isymmetrized products of one-electron.wave func-
tions. In this paper we will confine ourselves to con-
sidering only closed-shell ground states, but, even .n
this simple case, the mathcmatical expression for H e
is rather complicated : H s is the sum of the operator for
the kinetic energy of the electron and the operator for
the potential energy of the electron in the Coulomb field
of the nuclei and of all electrons belonging to ths sys-
tem, minus the excliange operator for the electron in
the field of all electrons. The effect of the exchange
operator is essentially that it subtracts the interaction
between the electron in a particular orbital and itse!f
from the Coulomb potential.® A more detaiied discus-
sion of this subject for the molecular case will be given
in another paper. Here it is sufticient that the operator
H . exists and that it is the same for all orbitals. The
iast fact means also that, in the theoretical part, it is
not nceessary to cdistinguish beiween the different types
of the orbitals,'?

Because of the difficulty of treating the eigenvalue
problem (1) exactly, we will here use the approximate
MO-LCAO approach,!t where the molecular orbitals
(MO) are formed by linear combinations of the atomic
orbitals (AO) associated with the molecule under
consideration. These atomic orbitals ¢, (u=1,2, -+ -, n)
are here assumed to be real and normalized. Atomic
orbitals belonging to the same atom are further or-
thogona!, and for different atoms they are overlapping
witn overlap integrals S,, defined by

Suw= fd’pd’rdT —8um

The overlap integrals form together a matrix 8, which
is real and symmetric, S,,=S,.. The fundamental
quantities in the theory are the imatrix elements of H.ys
with respect to these AO:

@)

H,..=fd>,.Hen¢.dT- &)]

The quantities H,,=«a, and H,,=B,,{u7v) are in thc
literature usually called the Coulomb and exchange
integrals, respectively, but this description is not a
particularly happy one, since, among other things, .

* See, for instance, J. C. Slater, Phys. Rev. 81, 385 (1951).

10 Compare P. A. M. Dirac, Proc. Cambridge Phil. Soc. 26, 376
(1930). See also F. Seitz, Modern Theory of Sciids (Z‘m.u.aw-u.u
Book Company, Inc., New York, 1940), p. 245.

11 The names and abhrewanons used here are mainly those
iatrorduced by Mulliken.
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contains also the kinetic erergy operator in addition
to the electrostatic parts.

In a large part of the literature, the overlap integrals
(2) have simply been neglected, but a number of authors
has shown thai thev are in reality of fundamental
importance. Here we will treat the non-orthogonality
problem by using the simple scheme previously de-
veloped by the author.?? In addition to the ordinary AO
¢4, we will introduce a set of orthonormalized atomic
orbitals (ON-AO) ¢, (p=1, 2, --+, n), given by the
matrix formula

¢=4¢(1+8)* 4
or
¢u=¢u_% Z 'haSau’*'% Zé d’aSaBSB_u_ ctt. (5)

It is easilv shown that S ¢,¢,d7=8,,. The ordinary AO
¢, are locitzed, whereas the ON-AO ¢, are only semi-
localized ; the lat:er orbitals have further a many-orbital
character, whick sometimes will lead to important phys-
ical consequences.”® In addition to (3), we will also in-
troduce the matrix elements

11“,'=f<p“Heu<deT- (6)

and between H’ and H there is then the matrix relation
H'=(1+8)-11(1+8) , (N

We have previously pointed out an interesting diifer-
ence between H’ and H. The raztriz H’ has the funda-
mental property that its nondiagonai elements are in-
variani against an arbitrary change  of the zero-point
of I, whereas the diagonal elements all undergo the
same change %. This does not apply te H, which means
that H’ (but not H) may have a simple physical inter-
pretation. Following a suggestion of Chirgwin and
Coulson, we will call the elements H,/=g«,’ and
H,, =B,/ (p5v) the charge affinity of the ON-AO pand
the bond affinity of the bond p— v, respectively. A purely
theoretical evaluation of the elements of H' and His a
rather complicated mathematical problem,* and in
the naive theory they have, therefore, usually been
determined by fitting some derived quantities to ob-
served data. However, it may be emphasized that, due
te the invariance condition pointed out above and the
necessity of taking the overlap into consideration in
almost all cases, it is in reality only the matrix H’ which
should be used for this fitting process.

In the following treatment, we will characterize a
molecular orbital by an upper index 7, &, ---, and an
atomic orbital by a lower index g, », ++-. In the MO-

2P, 0. Lowdin, Arkiv Mat. Astron. Fysik 354, 9 (1947);
A Theoret:cal Investigation inlu Some Properties of lonic Cryslals
(thesis) (Almqvist & Wiksell, Uppsala, Sweden, 1948); j. Chem.
Phys. 18, 365 (1950). Compare also B. H. Chirgwin and C. A.
Coulson, Proc. Roy. Soc. (London) A201, 190 (1950).

i3 Fozr instance, the many-body forces i1 ionic crystals; see refer-
ence 12.

¥ For a more detailed study, see refercnce 5.

LCAO approach, the molecular orbitals ¥/ are fornied
by linear combination of the given AQO or of the ON-AO:

VL".:E V—‘ucu"- (8)
»
In order to determine the values of the complex or real
coefficients C,/, which correspond to the kest approxi-
mation of the eigenfunctions of Heg, we will use the
variation principle:

€= f\l/"Heff#/idr:extreme value, 9

f#/"w"dr= 1, (10)

which leads to the linear equation system

n

2 (Hu'—€8,,)C,71=0, p=1,2---n (11)

=]
where the quantities e’ are the best approximations for
the orhital energies, which can be obiained by ihis
approach. The energies are determined by the condition

det{H,,'— €8,,} =0, (12)

and when this secular equation is solved, the cocfi-
cients can be found from (11). Due to the Hermitean
property of Hey, two MO belonging to two different
values of € are always orthogonal to each other. If 7
solutions of (12) appear to be equal, the corresponding
level is degenerate, and, in this case, there exist m
linearly independent solutions of (1!), which may be
chosen orthogonal to each other. In this way, thc set of
MO forms an orthonormalized system, and, since the
relation (8)

4= ¢C (13)

represents a transformaticn between two orthonor-
malized systems, the matrix C of the coefficients must
be a unifary matrix:

C:C=CCl=1. (14)

Here we have used the notation that, if A is an arbi-
trary matrix, At denotes its Hermitean adjoint matrix
defined by 4,,t=4,,".

2, Charge and Bond Orders for Individual Orbitals

In their general theory of conjugated systems, Coul-
son and Longuet-Higgins introduced the uscful concepts
of charge and bond orders of the tofal system of mobile
electrons. Here we will furthe: develop this idea by
investigating the contributinn to these quantities from
the separate orbitals involved. In fact, separate bond
orders have been treated previously by Couison,'s and
the importance of separate charge orders has been
stressed recently by Lennard-Jones!* and by Fukui,

5 C. A. Coulsen, Froc. Roy. Soc. (London) A169, 413 {1939).
'¢ J. Lenisard-Jones, see reference 4.
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Yonezawa, and Shingu.'” Let us therefore in greater
detail consider the quantities

0,'=C,7"Cly pu=HCTCECTCY. (15)

According to (8), the quantity !C,’|2 measures the
fraction of the time the electron in the MO ¢/ spends in
the ON-AQ ¢,, or more approximately ‘‘at the atom u,”
and ¢,/ will therefore be called the charge order at atom u
of the orbital j. Following Coulson,'® the quantity
puv’ (u7v) will be interpreted as ihe bond vrder ¢f the
bond u— v of tke orbital j. The total charge order ¢, and
the total bond order p,, of a complex of electrons are
then found by summing over the orbitals involved:

qu__‘z g%, puv=z Pur?, (16)
i i

giving the quantities investigated by Coulson and
l.onguet-Higgins.

By using (11) and its conjugate complex relation,
L HC=C0, T HSCT=eC,7,

and multiplying the first with C,”" and the second with
C.%. we obtain a formula for the connection between
the separate charge and bond orders:

24.:._ IIW,pMi= (ei’_ ‘r"uul)qui' (17)

A similar simple relation for the total quantities does
not exist.

We note that there is also a close connection hetween
the quantities (15) and the orbital energies. I'rom (9),
(8), and (0), it follows

ei=Y C,"H,,'C,i. (18)
=

Let us first consider a nondegenerate level, and let us
assume that each element H,,’ obtains an independent
symmetric variation dH,,’=dH,,’. According to (11}
and (12), both the orbital energy ¢’ and the <oefficients
C,? are then changed by infinitesimal quantities, and,
by taking the derivative of (18) with respect to H,,” and
by using (11) and the normalization condition, we ob-
tain for every nondegenerate level j:

~ Oe 1 93¢
qul=an,’ Pw'=i 6[1,.,," (u5%v). (19)
From (18) we get by a seeond derivation
dg,.’ 3%’ g’

oH.' oH.'0H,’' oH.,'
g7 . 9%’ Iparl

oHo' 8HWH,,' aH,'

3p.’ 1 %7 Opa’
=TT (20)
0H.o' 28H.'eH,' OH,,’

17 Fukai, Yenezawa, and Shingu, J. Chem. Phys. 20, 722 (1952).

y

This gives the following three reciprocity theorems:
For a given nondegenerate level 7, the change of the
charge order of an atoin u with respect to the change of
the charge affinity of the atom « equals the change of the
charge order of the atom « with respect to a change of
the charge affinity of the atom pu; the change of the
charge order of an atem p with respect to a change of
the bond affinity of the bond x— X\ is twice the cliange
of the bond order of the bond x—\ with respect to the
change of the charge affinity of the atom g ; and, finally,
the change of the bond order of the bond u—»v with
respect to a change of the bond affinity of the bond
k— X\ equals the change of the bond order of the bond
xk— X\ with respect to a change of the bond affinity of
the bond p—v.

Tre corresponding theorems for the total quantities
were first stated by Coulson and Longuet-Higgins.®

The treatment of a degenerate energy level e’ is some-
what more complicated due to the ambiguity in the
choice of the eigenfunctions. Let m” be the order of the
degeneracy, and let further (/) denote the class of all
molecular orbitals associated with the eigenvalue e’
in order to describe this class, we will use an ortho-
normalized set of m” orbitals 7, 7, 7/, - - - ¢tc., which
is determined except for a unitary transformation. We
noie that, for each orbital of this set, the quantities
¢, and p,.7 formally exist according to (13), but that
they cannot have any direct physical interpretation,
since they are not invariant against unitary trans-
formations within the class (J). However, by summing
once over the contributions from all indices ', 77, 7',
-+, we get quantities

g
QuJ=Z (Iu’=z_ C.iCY,,
i j
(21)
) 1w

p“y./:Z p""i=5 Z (C“icti'_i_cinYi“)'
i i

which have the desired invariance property and conse-
guently are independent of the particular reference set.
These quantities ¢,/ and p,,” will be called the folal
charge orders and the folal bond orders of the degenerate
level J, respectively. By treating the energy sum

(J) . N
/=3 ed=m’e (22)
;

in the same way as (18}, we then easily obtain

e’ 1 d¢/

9.7 = )y Put=- . (w#y).  (23)
Yoam,” Y 2emH,

The treatment of a real degeneracy usually does not
render any serious difficulty. The problem is instead to
find the eventual splitting of a degeneraie level under
the influenee of a perturbation.
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In this connection, a few words may be said about the
use of complex cocfficients C,? in forming the molecular
orbitals, The effective Hamiltonian H.y is always
Hermi‘ean, but, in 1rost molecuiar application it is
also real. The absence of the imaginary unit 7 in H.y
means that all its eigenfunctions can be represented in
a real form. For a nondegenerate level, it is usually
simplest to use the real description, since a complex
factor is entirely without importance and vanishes
automatically in form.ing, e.g., the quantities (15). For
a degenerate level, it may sometimes be feasible to
cousider a complex description'® of the ciass (J), but
even in such a case the complex reference set can be
derived from a real reference set by a unitary trans-
formation. Thi= implies that the sum,

W W
Z ijcv)‘=z Cu’C“n (?4)
i i

is always real, since it is rezl for a real reference set and
it is further invariant against unitary transformations
within the class (J); see Eq. (60). We have, therefore,

. o 0
Z C"CI".= (Z C»’Cv").=z (_‘pIC'i" (25)
i b b

and the symmetrization in tlic second of tiie relations
(21) is thereiore in reality unnecessarty.

Finally, we observe that the quantities (15) are only
special elements of a more general matrix

¥ = 3(C,7Ck+C7°CH), (26)

which will be called the complete charge and bond ovder
malrix with respect to pairs of individual orbitals. This
matriv fulfills the symmetry relations

d,*=d,*, d,%=(d,"*)". 27
According to (15) and (26), we have further
/],,"'=d,,,,".", Puwi=d, 7, (ux® v), (28)

which means that the separate charge and bond orders
are particular elements of the natrix d’* for j=*%.

The quantities {15) and {25) are useful both in the
“naive” MO-theory and in a more elaborate theoretical
treatment of a molecular system. Iu the semi-empirical
theory, the total charge ordcrs were used already by
Wheland and Pauling? for investigating the chemical
reactivities of the various atoms of a conjugated system,
and recently some authors*!? have stressed the special
importance for this problem of the charge orders of the
frontier electrons, i.e., the electrons occupying the
orbital with the highest energy. Al these treatments
have been based on a semi-empirical assumption con-
cerning the connection between the charge orders and
the reactivitics. For this connection the relations (19)

15 See, for instance, the treatment of benzene in Part II.

may be of fundaraental importance. Following Coulson
and Longuet-Higgins,® we wish to emphasize that it is
probable that a closer examinztion of the connection
between the (total and frontier) orbital energies and the
reaciion energies would give a deeper theoretica! under-
standing of the substitution process, since the charge
order for an atom in a specific positior: gives just the
rate of the change of the orbital suergy which depends
on the change of the charge affinity due to the approach
of a substituent.

Sometimes the separate charge and bond orcers or
the total quantities mav be evaluated by special simple
rules,’® and in such cases the corresponding orbital
energies may be found by using the relations (19) in a
reverse way. Longuet-Higgins!® lias used this reverse
process for iteating some energy problems in hetero-
aromatic compounds.

In the semi-empirical theory, the total bond orders
have been used by Coulson and Longuet-Higgins® for
determining the bond lengths and the force constants
in conjugated systems. '

We note that, independent of the interpretation of
the separate or total charge and bond orders in the
semi-empirical theory, the quantities d,,’* given by (26)
are of essential importance also in a more elaborate
theoretical approach, since they are very useful for the
simplification and systematization of the mathematical
expressiens involved.?

3. Perturbation Theory

Here we will investigate how the separate orbitals,
orbital energies, charge orders, and bond orders are
affected by the substitution in a given molecule of one
or more atoms or groups, which may be considered as
perturbations. Let us characterize quantities belonging
to the criginal eystem by the index zero:

PIO=3 5, OC,i® K, SO= f s OH 19 5, Od 7, (29)
m

whereas for quantities associated with the new molecule
we will use the ordinary notations:

¥i=3 0.C./, H“"= Jr ouotrpdr. (30)
"

Both the effective Hamiltonian, the atomic orbitals,
the overlapping conditions, and the molecular orbitals
may be changed by the substitution, but, if the two
molecules under consideration are related closely
enough, it is possible to treat these changes by means of
perturbation theo1y. For this purpose we will introduce

’ 19 I—§ C. Longuet-Higgings, J. Chem. Phyc. 'R 265, 275, 283
(1050),

2 See P. 0. Lowdin, J. Chem. Phys. 19, 1570, 1579 (1951), and
reference 8.
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the perturbation integrals

V=1,'-H,"™®, 31

i.e.,, the changes in charge and bond affinities, which
may be expressed as fractions of the integrajs ,,"©®.
We observe that a perturbation treatment based on
(31) goes beyond the conventional perturbation theory,
which would consider oniy the operator Heyr— Hes'® as
a perturbation. .

According to (11) and (14), our fundainental problem
is to solve the matrix equations

H'C=Ce, CtC=CCt=1, 32)

where ¢ is the diagonal matrix formed from the unknown
eigenvalues'¢’. This means that we have to find a unitary
matrix C which transforms H’ into diagonal form:

Ctf'C=diagonal matrix, 33

and the orbital energies are then determined by the
diagonal row of the right-hand side matrix. For the
original ‘“unperturbed” molecule, we obtain in the
same way

H©CO=COe® COtCO=COCOt=] (34)
The definition (31) gives the matrix relation
H=H®©®4+%V, (35)

where V is the matrix of the elements V,,. By introduc-
ing the notations

C-COX  v=COIVC®, (30)
and by wultiplying (32) to the left by C®1, we obtain
the following perturbation equation in the MC-space:

(24+v)X=Xe, XtX=XXt=1 (37

This equation can now be solved by ordinary perturba-
tion theory. For the treatment of a degenerate level we
wil use the simple scheme the author™ recently de-
veloped by generalizing an idea given by Gora.2 This
scheme was particularly meant for applications to
quantum chemistry.

Simplification of the Matrix Elements used in
the Perturbation Scheme

For the sake of simplicity, let us treat here also a non-
degenerate level as the simplest case of a degeneracy

11 P, Q. Léwdin, J. Chem. Phys. 19, 1396 (1951). The author’s
attention has been drawn to the existence of three recently pub-
lished papers, which were niot available to us during the prepara-
tion of our manuscript aind which we therefore would like to refer
tc hers, namely: S. Sueoka, J. Phys. Soc. ({apan) 4, 361 (1949);
M. H. L. Pryce, Proc. Phys. Soc. (London) A63, 25 (1950); M.
Lax, Phys. Rev. 79, 200 A (1950). Sucoka treating the interaction
between two diagonal subsystems, and Pryce and Lax investigat-
ing the degeneracy problem have obtained results similar to those
given in our paper. In all these independent works, the methods
of derivation are closely related to the simple idea introduced by
Gora, reference 22.

B E. Gora, Z. Physik 120, 121 (1942-43).

with m7=1. Let us then censider an arbitrary index j,
which belongs to a degenerate class (7) of the unper-
turbed molecule. In order to solve the eigenvalue prob-
lem (37) by perturbation theory explicitly to the first
and second orders in the eigenfunctions and eigenvalues,
respectively, we wiil introduce the gnantities

(Ja)= e/ ® —¢eal®,

Uik=g/0gik 1 pik} Z
o)) (far)

(38)
: 39

via.l/.ak

where, in the last term. we sum only over a3 (J), i.e.,
we omit all terms for which (ja)=0. According to
rcference 21, the eigenvalues of the class (J) of the per-
turbed molecule: are then given by the mY roots of the
algebraic equation: A

Uri'—e; Ui, Ui

U"ll"l; Uj’lj’l—é;
g121 52
uir'': :

B, —0. (40)

11 g0 1104000
e, Ui’y —e

The problem of the splitting of the levels in the class (J)
is therefore solved by finding the eigenvalues of a sub-
matnx U,y of order m7. Let further X, be the unitary
matrix of order m”, which transforms U,y into diagonal
form. According to reference 21, the coefficients X*¢
in general are then given by

. Xount, kin {J)
Xki= (41)

‘] : : Z vka‘x”nbni’ k;é (J)
L(7k) = .

and the perturbation problem is solved.

We are here particularly interesied in the simplifica-
tion of the explicit forms of the matrix elements ir the
relations (39)-(41). The perturbation matrix V in (31)
is symmetric, V,,=V,,, and by using this property and
(26), the perturbation matrix v in (36) takes the form

V=3 CH,OV,CHO=F V,d, ™0,  (42)
By By

which impi s that the complete charge and bond order
matrix d©@ is of essential importance in the perturbation
scheme. In the following we will omit the index zero on
the matrix d, if there is no possibility of misunder-
standing.

For the second-order term in U’ in (39), we obtain
in the same way by a symmetrization

glagak d“vjad‘xak

—=2 X ViVlo——
wt () (ja) o) urer ()

v ok '
25 R dyy’adt.‘”~+dx)«’a’luvak
='§ }_. Z VoprVax

wrek @t () {jo)
5 : s
=z Z Vi Vaamu, o’®,  (43)
oy
Mo

%ty & -

- % .

x gL

%k

2
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where we have introduced the notation

. d“'iudlxak_*_d‘)‘jaa“"ak
L L . (44)
a*(J) (jo)

The quantities = fulfill the {oliowing symmetry rela-
tions:

P . e ;
Tu’.lk’ == ﬂru.x)"ky rur.l)‘”‘_‘ﬂ'z)‘. lu’k,

(45)

; e
v, enF1= ('”ur.lk’k) ’

and, as we shall see later, they are closely related to the
mutual polarizabilities intrcduced by Coulson and
Longuet-Higgins.® Using a name proposed by Lennard-
Jones* for quantities of this type, we will call the matrix
= the complete mutability matrix.

By using (42) and (43), the fundamental matrix
element U7* given by (39) can now be written in the
form

Uik=ei@ik L 3"V, ,d,, %0
uy

.+'% Z VquxX’ﬂ'ur. z.\ik(O)1 (46)

prex

where it is expressed directly in the perturbaticns V. of
the charge and bond afhnities.

In the case of a real effective Hamiltonian Hy, it is
convenient to introduce also the auxiliary quantities

. %G~
Q= T (47)
() (ja) . ;

for the evaluation of the mutabilities = and the coefh-
cients in the eigenfunctions. According to (25), we have
the symmetry relation

-= Q0 (48)

and, by using (44), (26), (47), and (48), we obtain the
formula

Tuv, l)‘ik == %(d“.ikg‘,,)‘;'+d“)‘ik9"i

+d:,'ikQ“)‘i+d,)‘f"Q‘"f)’ (49)

giving a simple wzy of calculating the mutabilities.

Now it remains to compute the coefficients C,’ used
in (30) for forming the MO of the perturbed molecule.
According to {36) and (41), we obtain

(,"‘i=2: C“k(o)X];,'___ Z 'C,uk(O)Xauhki

k k=)

1
+ 3 CrEO—— T gkaX 490 (50)
F() (7k) a=ts5

Changing the names of the summation indices % and «
in the last torm, and using (42), (26), (47), and (48),
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we can derive the formula

Cy= 3 T OX, %,
k=(J)

(81)
THO=CHO4Y T V(@G 4+ 0niCHO.
2

(1) The Nowdegenerale Case. Let us iavestigate in
greater detail a level § which is nondegenerate in the
original molecule, i.e., m/=1. According to (40)), the
fundamental secular equation takes the form

Uii— e=0, (52)

and (46) gives then the following expression for the
orbital energy in the perturbed mole:ule:

=043 V,d,i+3 X ViVam, o (53)
urv

TZ2.

The unitary matrix X.., has a single element X,,,77=1,
and formula (51) gives therefore for the coefficients in
the perturbed MO '

C‘,i=C“i(0)+% Z V')‘(Qu'ic)‘f+ quiC‘i)(O). (54)
X\

The separate charge and bond orders may be derived
from the orbital energy by using (19), and we obtain

TN T
§u?=q "3 Vam,, o9,
2

. (55)
p‘"i= ?“._:(0) +Z V.“,-“_. o 10y,
123

rence it is possible to find the orbital energy, the form
of the MO, and the separate charge and bond orders for
the perturbed molecule, if the quantities d and = are
tabulated for the original compound. By another differ-
entiation of (55), we get

- 0g,’ %’
ii =

Tup '’ = = e D
AV dV,.0V.
193¢, 0pa? 1 9%
Top i — = —— == . k%N, (56)
20Va V. 20V.0Va
o 1ap,t 1 %
Tur, oall=- T y (“;év) K;éx))
20V 40V.aVa

showing that, for a nondegenerate level, the mutabili-
ties are the second derivatives of the crbital energy “vith
respect to thc charge and bond affinitics. Tombining
(17) and (56), we obtain then easily a series of conncc-
tion formulas for the scparate mutabilities.

(ii) The Degenerate Case. Let us now go back to the
degenerate case with m7>2, In order to describe the
degenerate class (J) of the unperturbed molecule, we
will use a particular orthonormalized set j’, 5/, j/, - - -
of MO belonging to () as a fixed reference set. The

e D —
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matrices d,,,¥ and 7., n* exist formally according to
(26) and (44) for each pair (4, &) of orbitals of this set,
but we note that these quantities cannot have any direct
physical meaning, since they are not invariant against
a unitary transformation of the reference system. We
may consider d,,7* and 7., o as the first and second
derivatives, respectively, of the matrix elements U7,
defined by (40), with respect to the perturbation in-
tegrals, but even these relations have only formal
me2ning.

In this connection it is of interest to consider the
transformations of the quantities d,,?*, Q.,7%, 7., 7%,
U7* etc., under a unitary transformation of the refer-
ence set, which may be of the form C=CD, or

Cv“,'_, 2 CuoD~, (57)

a=(J)

where D is an arbitrary unitary matrix of order m”:

DiD=DD!=1, (58)
Combiniag (26) and (57), we obtain
J“,ik= 3= Dtied,a8D8k, (59)
a,B=(J)

For the total quantities (21), obtained by summing
once over the contributions from all indices 7, 5"/, 5/,
- - associated with the ciuss (J), we get

Apli= 3 dnii= Y d,e8 Y Dfiptia

=(J) a,f=(J) Fo=(J)
= Z d“vaﬂaaﬂ= Z d“,oa=dw.ij’ (60)
a.B=(J) a=(J)

where we have utilized the unitary property (58) of D.
This gives a detailed proof of the invariance theorem
stated in connection with (21),

In forming the quantities Q,,7 by means of (48), we
sum only over complete classes of eventually degenerate
levels, and according to (60), they are therefore in

variant: ) )
qu""=9yr’ (61)

and they are further the same for ali indices j belonging
+y the same Jegenerate clas.. By using (49), (59), and
(61), we get for the mutabilities

7?;19, xkik: z DriaT"/.w, ‘xaﬂDﬂk. (6?)
a,f=(J)
If we define the lofal mutabilities of the class (J) by
by summing once over all indices 7', 7, 7/, -+ -:
7!';”,:\""= Z Tpr.lk"‘i, (63)

3=(J)

we obtain again a quantity which can be shown to be
invariant in the same way as (60). ANl these quantitics
are, of course, associated with the unperturbed molecule,
but, for the sake of simplicity, we have omitted tie
upper index zero. .

Let us now consider the quantities in the perturba-
tion scheme. Accerding to (59) and (62), the elements
U# of the fundamental matrix (46) have the trans-
formation property

Uk= 3. DtialjasDsk, (64)

a,f=(J)

Hence, the matrix U undergoes only a initary trans-
formation, which unplies that its eigenvalues are in-
variant. Accuiding to (60), the sum of the diagonal
elemants of U is another invariant.

Let us assume that the degeneracy is completely
removed by the perturbation under consideration. If
X. and X, are the unitary matrices of order m7
which transform U and U, respectively, to diagonal
form, then we have the relation

X o= D1X, (65)
for we have the matrix equations

Xaul)1UXsub= x!ub’ D DtUD g D'X.ub
= X,un! UXou, =diagonal matrix. (66)

The matrix T. defined by (51), has the transformation
property T="TD. Using this relation and (65), we find
that also the coefficients of thc perturbed MO given
by (51) are invariant, for

C=TXw=TD-DX.p=TX.up=C. (67)

This means that the eigenvalues and the eigenfunctions
are completely independent of the particular choice of
reference set used for describing the degenerate class
of the unperturbed molecule.

If the degenerate class (J) is split up in the perturbed
molecule, we can determine the separaie churge and
bond orders of the perturbed orbitals according to (51)
and the definitions (15), but, in such a case, the alge-
braic equation {40) has first to be solved.

There is one infrrmation about the perturbed mole-
cule which can be obtained without solving (4G) ex-
plicitly, namely the properties of the total quantities
associated with the class {J) as a whole. By apnlying the
coefficient theorem for the sum of the roots of an alge-
braic equation to (40), and by using {60) and (63), we get
=Y &= ) Ui=mid®

=D =D

“*"Z I’yvdpyJJ(o)+'% Z Vquli\"r;w.lXJJ(o), (68)
"

By, &N

a result which is independent of the splitting of the class
(/). Hence we obtain for the tolal charge and bond orders
associated with the class (J) in the perturbed molecule

de”’
gu’ = =g, O+ Vw0,
aV;m A (
69)
1 9¢
ppy"—_'—'_—:puy"(o)'*—z Vlkﬂ'yv.lk""(o): (;‘;ﬁy)’
2.6V.; Y
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TasLE I.

Notation used Notation used by Coulson and

here Lorguet-Higgins
T, e Ty, x
Tup, At T u= dmu o (k#N) -
Tur, akt é"'uv. 23 (u7v, k=N)

showing that the total mutabilities 7., a7’/ may be
considered as ilie second derivatives of the sum e’ of the
orbital energies of class (J), with respect to the per-
turbation integrals V.

In this coanection, we may also say a few words
about the totai quantities associated with a complex of
electrons, obtained by summing over all occupied
orbitals:

5!°t=z ¢, qutor=3. g, puth=z f)‘.y’.,
? i i
(70}

duvw‘=z duvﬁy Tuv, -X“"=Z WuV.xX”-
i 7

By summing over all classes involved in the system,

we obtain from (68) and (70),

E'ot=£u)t(0)_+_z V‘"d‘wwt(o)_*_:} Z V!‘VV‘)\.".‘”‘ ‘sz(o)‘ (71)
nr

prax

Fe. the total charge and bond orders, we get further

Detot
q“tot=__== “tut(o)+z [/‘)‘W““)\wt(m’
i : (2)
72
1 Getot sig
p“th=_ = 1'/;‘.,"""'(0"*'/_, V ‘Xﬂ.‘w..)\wt(o),
29V.. Y

and, for the total mutabilities, we finally obtain

ag,wt Stot
b =
g xx )

V.. V.oV,
1 aq tet ap‘)\w'p 1 a?ewt

Tyu,xk““’:— s == = y ('\;é)\) (73)
20Va V. 24V.aVa
19p,tet 1 g%ewt

T = ,  WEv, k=RN).

All these total quantitics have previously been in-
vestigated by Coulson and Longuet-Higgins,* who
introduced the name mutual polarizabilities for the
deriva‘ives of the charge and bond orders. Since this
term is used in another meaning alse in the theory of
dielectrics, we have here insiead used the name mutabili-
ties proposed by Lennard-Jones.* We note that, in order
to maintain the symmetry relations (45), which for the
total quantities take the form

Tuv, x)‘w‘= Ty, x)\un, Tuv, xX"Ot W, ‘”wt, (14)
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and which are of essential importance for the simplicity
of our formuias, we have changed also the uotations
slightly. Conszquently, for quantities ., « baving the
last pair of indices corresponding to a bond, a factor }
in the treatment in reference 5 is here included in the
symbol itself; see also Table I for comparison.

Trealment of a Doubly Degenerate Level

The solutior of the secular equation (40) is simple in
the case of a doubly degeneratc level, m’ =2, and, since
this type of degeneracy is also of particular importance
in the theory of conjugated systems, we will treat it
in somewhat greater detail here. This example may be
instructive for the study of the higher degeneracies, too.

(a) Real reference set. We may use either = real or a
complex description of the degenerate class (J), and we
will begin with tbe real case. The matrix I’#% defined by
(39), is Hermitean, U*¥'=U#*", and, for a purely real
representation, it ic therefore also symmetric:

Uki=U, » (75)

For the sake of simplicity, let us denote the reference’
orbitals of the class by the upper indices 1 and 2. The
submairix U associated with tiie class has the form

fpun e
Uaub= ( )9 (76)
Uzl U22

and, according to (40), its eigenvalues are given by
e=${ (U UBL[(U"~ URP4-4UUM D). (77)

The unitary matrix X, which transforms U to diagonal
form, is found by solving the equation system UX=Xe
for the knowr: eigenvalues. By introducing the angle ¢
given by

("u_ U=z)— [(U“— LI?2)2+4UI2U21]§
tgo= , 78
U

the solution may be expressed in the form

7 COSp simp‘
wa=( ) ' (79)
—silg oS¢/

and the coefmicients C,’ of the perturbed MO can then
be calculated according to (51). A still simpler formula
for ¢ is given below.

(b) Complex reference set. We shall discuss a complex
description of the doubly degenerate class, which is so
chosen that the two reference orbitals for the unper-
turbed molecule are con<gate complex functions. By
using this property and the ordinary definitions, it is
easily shown that the charge orders, the bond ordess,
and tne mutabilities for j=% are the same for both
unperturbed orbiiais. Since the diagonal clements of
the matrix U,y for the perturbed molecnle are also the

D
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same, the eigenvalues of U,, are now given by

e=Un£|0". (80)

If the angle ¢ is defined as half the argument of the

complex quantity U, the matrix U,y i¢ further trans-
formed to diagonal form by the unitary matrix

Romm T ) 81)
sub = { 1
VAV o

and the coefficients C,7 of the perturbed MO can then
be calculated according to.(51).

Finally, we will investigate the connection between
the rea! and complex descriptions. For the unperturbed
molecule, our complex conjugate reference set may be
obtained from an arbitrary real set by a unitary trans-
formation (57) with the transformation matrix

RV 0
. _\_/E(i —i)' @2

According to (64), we then obtain 77,,,= DU, D, or
i Un O
Ulub=( & = )
b’?l U22
—Um-2iUmy
). (83)

1 Ull 1.7722 U
—5( Un-UR42U2;  UN4UR

A compariscn between (77 aiid {80) based on (83) shows
at once that the elgenvalues are the same. The angle ¢
is in the complex case defined by

tg2¢=I{U12}/R8{U12}=_2U12/(U11_Uﬂ)’ (84)

which implies that it is identicai with the angle »»in the
real case, since (84) can be derived frem (78). Finally,
for the matrix (81), wc have Xubv=D'X.u in agree-
ment with (03).

4. Hybridization between Atomic Orbitals
of 2s and 2p Types

The MO-LCAO theory of moiecuies is essentialiy
bosed on the assumption that it is possible to make a
convenient choice of atomic orbitals for the atoms
constituting the molacule under consideration, and we
will thereiore discuss this problem in greatcr detail.
In investigating the simplest conjugated compounds
we are particularly intercsted in the AO of the atoms of
the elements belonging to the second ruw of the periodic
system. In the ground state of these elements, the two
electrons occupying the 1s-orbital do not take part in
bond formation, so we have io consider oniy the outer
electrons distributed over the four orbitals 2s, 24z, 2py,
and 2pz, having about the same energy. These AO are

given by the formulas

U ful) ( 2N ol
y ¢2pz= T Xy

@) »
( 3 )* f2(7)
pz =1 2,
4r re

3\ fap(r)
P2py= (‘—) s
4r r

where fo,(r) and f2,(r) are the radial wave functions,
which may be of Slater or Hariree-Fock type. The
p-orbitals are direction dependent, and we introduce
the notation 2pf for a 2p-orbital in the direction of the
£-a.71s, where ¢ also may be the distance to a plane
tiirough the origin perpendicular to this axis. If the
quzntities cosygz, COSYgy,, and cosyg, arc the direction
cosines for the #-axis, then we have

3\ fap(r)
rm () 222
4 r?

E=x cosv+y cosyy,+2 cosyg..

(85)

(86)

Such a 2pt-orbital is antisymmetric with respect to the
plane £=0, and it has therefore the same extension
along the positive and negative directions of the f-axis.

As was first pointed out by Pauling® and Slater * an
orbital of the form

h=ad2+(1—a?)} dopy, 87)

with a>0, has its largest extension in the divection of
the f-axis, and it may therefcre be convenient for the
description of a directed valency. The mixing of s- and
p-orbitals is called a hybridization, and the orbital % in
(87) is called a kybrid with its direction along the posi-
tive £-axis.

The theory of hybridization has been treated by
several authors,”® and here we only wish to stress the
simplicity of the mathemadics involved, if the theory is
presented in matrix form. From the four AO given by
(85), we can by linear combinations form four linearly
independent hybrids k,, ks, k;, and k, and we may
write the hybridizaticn in the form h=¢Y, or

',lk=z ¢¢Y¢xky (88)

where the transformation matrix has the form

a) az a3 [ ]

Gx1 Qx2 Qx3 Aam l
Y= ’ (89}
A Gy Oy avil
Lazl Q2 G:;3 Au

Here we restrict Y to having only real elements. The
quantity a;* gives the amount of s-character in the

% L. Pauling, Froc. Nat. Acad. Sci. U. S. 14, 3
Chem. Soc. 53, *367 { .93.,

% J. C. Slater, Ph\,s Rev. 37, 481 (1231).

% Cee, for instance, C. A. Cou.son, Proc. Roy. $oc. (Edinburgh)
61, 115 (1941).

59 (1928); J. Am.
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hybrid k. Accordirg to Pauling,” the approximate bond
strength of the hybrid k. is given by the expression
ar-t(3—3a:®}, but we are not going to use this prop-
erty here. The given set (835) is orthonormalized, and,
if we finpose on the hybrids the fundamental conditiou
that they should be crthonarmalized, too, the hy-
bridization matrix Y must be a uritary matrix, Y!Y
=YYt=1, or

2 VarVar=2 YViaVia= b1 (90)
A comparison betwezn Eqgs. (86)-(89) shows {urther

that the largest extension of the hyorid 4 is along a
k-axis having the direction cosines

zk Qyk
CoOSY gp=—""y OSYyk=—""""",
(1—ad)!} (1— akz)*’
Q:k
COSYap=——""T- (91)
(1 ——ak2)5

By using this relation and the orthogonality condition
G 8zt ayrayit 8:18.0= —arar, contaired in (90), we
can then derive the following basic formula for the
angle yg between ile axes of two hybrids, ki and k;:

aray

@E=COS S —————— =,
{(1—a)*(1—ad)}?

(92)

The general problem of the evaluation of the appro-
priate matrix Y for a particu’~r atom in a molecule is
very important, but the principle of “maximum over-
lappir.;,” stated by Pauting and by Slarer ior this
purpnse, has not yet been fully theoretically proven.?”
Recently, Mulliken?® has investigated the connection
between the overlap integrals and the armounts of
s-character of the bonding hybrids in a diatomic mole-
cule, but the corresponding bond energies aie still
treated only by meaus of a semi-empirical formula.

We note that the simple formula (92) will sometiraes
give usefu! :nformations about the form of the matrix Y,
for inutance, when the amounts of s-character of the
four hybrids &; have been found in some other way.
By using the four quantities ai, a2, as, a4, fulfilling the
condition Y_a2=1 contained in (20), formula (92) gives
the angles between the axes of the Liybrids. Utilizing
these angles for fixing four axes in the space, determined
except for a rigid rotation, we can then evaluate the
remaining part of the elements of Y frem the known

» L. Pauling, Nalure of the Chemical Bend (Corneli University
Press, Ithaca, New York, 1940), p. 85.

17 Compare A. Maccoll, Trars. Faraday Soc. 46, 359 {1950) and
W. Mofhtt, Proc. Roy. Soc. (London) A202, 534, 548 (1950).

18 R_S. Mulliken, J. Chem. Phys. 19, 900 (1951); R. S. Mulliker,
J. Am. Chem. Soc. 72, 4493 (1950).
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direction cosines by using (91):
= (1—a)! cosyzr, ayr=(1—a:?)? cosy,
8= (1—ai®)! cosy .. {93)

‘I'his gives a very simple method for constructing, e.g.,
the conventional matrices Y for the basic digonal,
trigonal, aud tetragonai hyoridizations?® associated with
the following sets of s-coefficients: ax=(1/23,1/24, 0, 0),
ax=(1/3%, 1/3%, 1/34, 0), and a,=(i/2, 1/2, ./2, 1/2),
respectively.

We note that also the reverse process may be useful,
i.e., the calculztion of the amount of s-character and the
construction of the explicit forms of the hybrids from,
for instance, experimentally known bond angles. For
this purpose, let us introcuce a quantity xx, the char-
acleristic s-number of the hybrid A, by

ay K

ar= 3
(1_{_,‘,‘2)5 )

K=

(94)

(1—a®)}
The basic formula (92) may then be written in the form

Oky== ~ KkKj. - 95

Because of the product form and the condition 3 ai?
=3 k2/(1+xe)?=1, only three of the six elemeits oy,
are independent in the general case. Let us first consider
the case that the directions of the three hybrids &, %o,
and k; are known, and that the angles between theni all
are differeni from 90°. The characteristic s-numbers
K1, k2, k3 can then be determined from the three known
direction cosines a;2, ags, a3, according to (95), which
gives
w= (— a12a23a3l)§7

(96)

K= ——y Ke=——

K3== ——,

’ b
Q23 a3y a2

The coefficients a1, a2, and a; are then found from (94),
and a, is compatei from the condition X a:*=1.
Finally the other elements of Y are calculated accord-
ing to (93).

As an example of this procedure, we shall discuss the
molecules in which we are particularly interested here,
namely the conjugated systems, i.e., the organic com-
pounds having alternating single and double bonds in
the conventional .structure formulas. By using x-ray
and electron diffracticn technique, one has found experi-
méntally thot the oo sinoated evetems ae almost com-
pletely coplanar and that the bond angles in the plane
are 120°, This indicates strongly tlat the bonds asso-
ciated with these “trivalent” carbon atoms or their
equivalents are formed by three coplanar hybrids £, 4,
and A, with the angles 120° between them, whereas the
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tvpe of the fourth hybrid is not known from the
beginning.

However, utilizing the three angles of 120° and formu-
ias (96) and (94), we obtain:

A= any=ay=cos120°= -1, w=1/2V2,

K= ks = k3 =1/V2, (97)
a\= az; = as =1/\/3-, 04=0.

If our basic assumption of the orthonormality of the
hybrids is true, the fovrth orbital /4 must therefore be o
pure 2p-orbital which is perpendicular to the (hy, k2, /i3)-
plane. -

Let us put our coordinate system with the xy-plane
in the molecular plane of the conjugated system. The

three hybrids in this plane are usually called g-orbitals

and are denoted by o1, 02, 03, and the fourth hybrid
is called a w-orbital. By fixing the directions of these
orbitals according to Fig. 1 and by using (93), we obtain
for the matrix ¥:

1 1 i
= — 0
V3 V3 V3
Y ! : (98
= R S 1 )
M e e
1 1
0 — —— @
oW
0 0 0 1

Of the four cuter electrons of a normal carbon atom
in the “trivalent” state, three electrons are placed in the
orbitals ¢), ¢, and a3, forming single bonds together
with other similar electrons with opposite spin from the
neighboring atoms, and the fourth electron is placed in
the w-orbitai contributing to a partial doubic bond ac-
cording to the MO-theory. Here we are particularly
interested in these w-electrons.

In the MO-I.CAO theory developed in this paper, we
have up till now taken all bonding electrons into ac-
count in forming the matrices S, H, and H’ for the
molecule under consideration. However, th.e ¢-orbitals
and the r-orbitals are of a different symruetry type,
since the former are symmetric and the latter antisym-
metric with respect tc the molecular pilane. For the
overlap matrix S, as well as for the energy matrix .
and H,’, based on a Hartree-Fock-Dirac effective
Hamiltonian for the ground state, this implies that al!
mixed elemenis with (uv)= (we) will vanish identically.
All thesc matrices will therefore exactly split into a

10 e pott e -

TN

%\ | '/H

/"420./
%

F16. 1. Trigonal hybridization in a conjugated system.

x

Qv

w-part and .a g-part:
S, 0 H, 0
(s 5) (7 u)
6 S, 0 H,
(H" ’ (99)
T\ H,')' |

This result does not mean that the treatment of the
w-electrons can be entirely separated from the treatment
of the o-electrons since both types are involved in the
raathemativai expression for the effective Hamiltonian
causing a rather compiicated interaction of the Coulomb
and the exchange type. However, if the elements of H’
in some way have been evaluated, then the questions
of finding the eigenvalues and the eigenfunctions of
H," and H,” may be considered as independent prob-
lems. A more detailed study of the possibility of
separating the treatments of the »- and o-electrons has
recently been given by Altmann.”

Before concluding this section, we will go back to the
general hybridi. .tion problem, where it . *mains to
investigate the special case whin the three hybrids
ki, ks, and k3 with known directions form angles, of
which at least one is 90°. In this case the solution (96)
breaks down, and the problem must be reexamined.

Let us consider the case of a2=0. According to
{95), at least onc o the relations a;3=0 or as;=0 must
hold, and if, e.g., the former is true, we conclude that
x1=0 i.e., that the hybrid %, is a pure 2p-orbital, and
that the remaining orbitals ks, k3, and %, all have their
directions in the plane perpendicular to k. More in-
formation is then needed fur solving the problem, and
we will therefore consider ihe triple aws, s, and ey,
which usually deterraines the valucs of xs, x3, and x4,
in a way analogous to (96). However, also this solution
breaks down if, e.g., a23=0. In this case, at least one of
the relations az=0 or az;=0 must. be true, and if the
former holds, we conclude that x,:=0, L.c., that %, is a
pure 2p-orbital, and that the remaining orbitals 4; and
k4 must have their directions along the line perpendicu-

¥ G, L. Aitmann, Proc. Roy. Soc. (London) A210, 327, 343

(195..;. See also Coulson, March, and Altman, Proc. Nat. Acad.
Sci. U. S. 38, 372 (1952).
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Fi6. 2. Numbering
of the carbon atoms
in a benzene ring.

4

lar to the {,, k2)-plane. We observe that it is impossible
to determine the amount of s-character in these orbitals
from the angular dependence, but that we have
a*+al=1. The acetylene mclecule C;H, is an example
of a hybridization of this type.

PART II. APPLICATIONS OF THE MOLECULAR
ORBITAL THEORY TO THE PERTURBED
BENZENE RING

5. Properties of the =-Orbitals of the Unperturbed
Benzene Moleculse

Here we will apply the MO-theory developed in
Part I to the treatment of the benzene molecule, C¢Hs,
which represents the simplest example of a conjugated
system of the ring type. According to the general
theorem proven in the previous section in connection
with the formula (99), the fundamental matrices S, H,
and H’ for all bonding electrons exactly split into two
parts, a w-part and a g-part. {n this paper we are going
to discuss only the former, i.e., the matrices S,, H., and
H,’ of order six, which are associated with the six
w-orbitals of the ring. We will number the atoms and
the #-AQO according to Fig. 2.

The benzene problem is essentially simplified by the
high symmetry Dep of the inolzculc. The w-problem may
be considered as having a special form of cyclic symmetry
of order .V, for V=6.3° Treating first the general case, a
matrix A is said to be a cyclic matrix of order N, if it
fulfills the conditions

Apv=Aosru=Ap (p=v—u); Apn=dAxy. (100)

Such a matrix is a linear form of the more general
crystal matrix, and it is easily proven® that the matrix
A is transformed Into diagonal torm by ithe unitary
matrix

1
c,f=]—\;‘e2'fui/~, j=0,1,---,N—1.  (101)

30 The case of N=3 occurs, for example, in a trcatment of
borazole by C. C. J. Rosthaan and R. S. Mulliken, J. Chem. Phys.
15, 118 (1948).

3t See F. Bloch, Z. Physik 52, 555 (1929).
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The eigenvalues of A are the diagonal elements of the
matrix a= CIAC:
N

1
ai={CtAC)ii= 3 A,expwipi/N). (102)

p=0

By using the same unitary transformation, it is also
easy to calculate any matrix F, which is a function of
A, F=F(A), for we obtain

F=CF(C'AC)Ct=CF(a)Ct, (103)

and

1 vy
F“"=Xr 2. F(a’) exp{2ni(u—v)j/N}.  (104)

=0

The product of two cyclic matrices, A and B, of order ¥
is further another cyclic matrix of the same order, and
we have

N—1
(AB)p‘_“ Zo Ao'np—a' (105)

Let us now consider the case of the w-electrons of
benzene, i.e., N =6. The fundamental matrices H and S
are both cyclic matrices of order 6, and we introduce the
customary notations:

Huy= (0.‘, Isl, B2, Ba, 62, Bl)cyclic;

~

\S“y= (0, S;, Sz, Sa, Sz, Sl)cyclic-

(106)

By using (105), it is easily shown that tlie matrices S
and H commute, SH=HS, and the matrix H’ given by
(7) is therefore simplified to the form

H'=H(1+S). (107)

Since H’ is another cyclic matrix of order 6, it is also
transformed to diagonal form by the unitary irans-
formation {(101) with V=6, and we obtain the orbiial
energies

~ a+2p; cosm/3+4 2B, cos2wj/3+B; cosmj

i , (168)
1425, cosmj/3+2S; cos2nj/3+S; coswj

wiiere 7=0,1, ---5, or =0, =1, 42, 3. We note that
the levels =0 and j=3 are nondegenerate, whereas
the levels j==41 and j==2 are doubly degererate.
By nsing the diagonal matrix 8=CISC with elements
given by (102), formula (108) is easily derived from
(107) by means of the matrix relation

CH'C=CH(1+8)7'C=CHC- 1+s)". (109)

Introducing the quantities yi=pB:—aS: (=1, 2, 3),
which are invariant®? against an arbitrary change of the
zero-point of the effective Hamiltonian, we can finally
write the orbital energies in the form
&= a+ (2, cosms/3+ 22 cos2xj/3
+ 3 coswf)/(+s7).  (110)
2 P (O, Léwdin, J. Chem. Phys. 18, 365 (1950); see p. 368.
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According to (101) for .V =6, the coefficients C in the
molecular orbitals are given by

1
T (111)

and the MO themselves have therefore the form

1 s
W=_g Z %en’ui/s, (112)

»=1

where ¢, are the orthonormalized #-AO. By using the
matrix relation

U= C=¢(1+8)~1C=¢C(1+s)},  (113)

the MO can also be expressed i the form
s
Yi=(6+65)"t 3 guemiril?, (114)
pw=1

where ¢, are the given AG of the 2pz-type defined
in (85).

Here we have used a conjugate complex description
of the degenerate levels, but we note that the most
general real representation of the coeficients C may be
written in the form

1
C.i=—cosmuj/3, j=0,3
Sy ’ (115)

1 1
C,."'=\73 cos(a+mpj/3), C,.""=\73 sin(a+muj/3),

j=1,2
wlere « is an arbitrary rcal angle.

In order to prepaire the treatment oi the perturbed
benzene molerule according to Sec.’ 3, we will now evalu-
ate the fundamental quantities d,,*, Q,,7, and 7, »*
for the unperturbed molecule. According to (26) and
(111), we obtain, in the conjugate complex description,

du,*=} expri(k— ) (u+»)/6- cosw(k+ 7)(u—»)/6,
(116)

which gives for the separate charge and bond orders
gi=%, pui=3% cosw{u—»)7/3. un
By using (48) and (111}, we get further for p=v— p:

) a cosrpc;z/3
Q= Qo wu == T — ) ’ (118)
o)) e—e*

where the denominators may be taken from (108) or
{*10). We note that, for each =0, 1, 2, and 3, there are
only four independent elemente ©,7. The mutabiiities
are then determined by the general funnula (49): -

1
Tar, alt= E(d"ikﬂ'_xi-i-d’xikﬂ'_‘i

+d"ikQ”_xi+d'xi‘Q"_‘i), (119)

which for j=k gives
7ruv,xk""="2{9u__.i COS?I'(X == A)/3
1

+ Qu-27 cosm(v—«)/3+ Q,_,7 cos=(u—N)/3
+ Q.2 cosm(u—x)/3).  (120)

All the quantities fundamental for a second-order
perturbation theory are then evaluated, and the results
in Sec. 3 can be directly applied to computing the
properties of the perturbed ring. All these results are of
a general nature and may be taken over also in a more
claborate MO-theory of the perturbed benzene molecule.

6. The “Nearest Neighbor”’ Appioximation ia the
Naive Molecular Orbital Theory

In addition to the genera! theory given in the previous
section, we will now consider in greater detail the “near-
est neighbor” approximation in the naive MO-theory
of the perturbed benzene ring. This type of approxima-
tion, which is sometimes also called the “tight-binding”’
approximation, seems to have been first introduced by
Bloch® in the band theory of metals. It is based on the
assumption that, in the matrices S and H with respect
to wie given AO, only the elements associated with the
same cr cdjacent atoms are of importance, whereas
elements associated with a pair of higher neighborhood
may be neglected. This approximation is characterized
by a high simplicity, but it is certainly not very ac-
curate.

The fundamental matrices (106) are in this approxi-
mation of the simple form

H=(qa, 8. b, 0, 0, B)eyetio

121
S= (0- S; 01 O, 0, S)cyclic- ( )

For S we will use the values S=0 (overlap neglected)
and 5=0.25, and further we will use the quantity
y=f—uS. We note that it is easy to evaluate any given
function of the matrix S according to formula (104),
and, as cxamples, we give the matrices

(1+8)-1= (1.1555; —0.3111; 0.0888; —0.0444;
0.0888; —0.3111)eyeic,

(14-S)-*=(1.0548; —0.1430; 0.0303; — 0.0129;
0.0303; —0.1430)cyclic,

(122)

for $=0.25, which may be useful in treating a molecule
liaving about the same overlapping scheme as benzene.

We observe that the “nearest neighbor” approxima-
tion is explicitly based on an assuinption concerning the
extension of the given AO, which means that it cannot
by’ generalized with the eame degree of accuracy to
mairices with respect to the ON-AO, which usually
have much larger extensions. The matrix H’, evaluated
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TasLr II.
J S =0 £=0.25
G . a+28 a+1.3333y
+1 a8 a+0.8y (124)
+2 a—B a—1.3333y
3 a—28 a—4y

from (107), (121}, and (122), has also the form

H' = (a—0.6222v; 1.2444~; —0.35557;.
0.17777; —0.35557; 1.2444)eyenie,  (123)

showing also interaction between ON-AO of higher
neighborhood. The matrix (123) was first given in
another way by Chirgwin and Coulson.}?

According to (108) and (110), we obtain the values for
the orbital energies e/ of the unperturbed molecule,

which are listed in Table II. Hence, the symme‘ry

around the point e=« is disturbed by the inclusion of
the overlap. The matrix d is given by (116), and, by
using (i18) and (124), we obtain the values of the
quantities Q,7 which are presented in Table III. The
mutabilities w,, 7/ can then be evaluated by means of
(120), and the results for S=0 are given in Table IV.
As we wil! see later, the alt: ~ating signs in the series
of total atom-atom mutabi’ for the ground state
will render an explanatior. the chemical law of
‘“‘alternating polarity” for benzene. The total atom-bond
mutabilities are zero, in agreement with a general
theorem given by Coulson and Longuet-Higgins 5

In Table V, we have presented a comparison between
the values of the separate mutabilities x,,. ai7 for S=0
and $=0.25. The scries of total atom-atom mutahilities
was first given for S=0.25 by Chirgwin and Coulson,*?
who remarked that, except for the change in unit from
1/8 to 1/+, these total quantities are only slightly
affected by the inclusion of the overlap. However,
even if this is true for the total mutabilities, the table
shows that the separale mutabilities cre rather strongly
changed when going over from S=0 to §=0.25. This

TaBLE III(a). The quantities O,/ in units of 1/728 for S=0.

\_1'< o 1 2 3

0 35 3 —-13 —-19
1 4 -22 —14 -4
2 —4 =22 14 -4
3 —35 5 13 —-15

Tasrr, II(b). Tke quantities O,/ i units of 1/576~ for $=0.25.

\}{ 0 1 2 3

0 450 126 —198 —-306
1 —-170 —-245 —205 -1i0
2 —-9% —117 45 18
3 —130 -2 38 -50

means that if, for instance, the frontier electrons turn
out to have particular importance, then the overlap
niust be included from the very beginning, particularly
when treating heteromolecules. Finally, wve note that
there are a series of simple identities and check relations
for the mutabilities, which u.uy be derived by consider-
ing such perturbations as leave the orbital energies
unchanged.

Charge and Bond Orders of the Pe:turbed Benzene
Ring-—the Direcling Power of a Perlurbation

For the sake of simplicity, let us first consider the
case of overlap neglected, S =0. Let further thc per-
turbations V,,, defined by (31), be given as fractions of
the quantity g8:

Vuu= 8.0, Vu'= 4.8 (## V)- (125)

According to the general formula (72) and Table IV, we
obtain for the lolal charge orders q, associated with the
ground state, .

@12 14+ (438, — 178+ 8;— 1184+ 85— 1754) /108,
g2= l‘l"' (4362— 1753‘[" by 1165+5n— 1751)/108,
- and cyclic. (126)

A special case of thesz formulas was first given by
Wheland and Pauling,? and the coefficients in general
may be found in Coulson and Longuet-Higgins 5 Since
all atom-bond mutabilities are zero, all the charge
orders are independent of the perturbations ¢, of the
bond affinities, '

As was mentioned previously in Sec. 2, the total
charge orders were firsi uiilized by Wheland and
Pauling for investigating the “‘directing power” of a
perturbation, and here we will add a few remarks con-
cerning this problem for the perturbed benzene ring.
Since a cationcid reagent is always eleciron-seeking, it
scems natural to assume that a substitution of such a
reagent will take place preferentially at that carbon
atom of the ring, which has the largest negative charge.®
The atom-atom mutabilities of Table IV show now that,
for 8,>0, there will be a large increase of the electron
density at the place p of the perturbation and that the
perturbation will cause also a slight increase of the
density at the mefa-position and comparatively large
decreases at the ortho- and para-positions (meta-
directing power). For ¢,<0, the conditions will be
changed (oriko-para-directing power).

The alternating signs in the row for the total atom-
atom mutabilities seem therefore to give an explanaticn
of the cnemical law of alternating polarity for the per-
turbed ring. Tke same law holds probably in general
for all conjugated systems, and here it may therefore
be of some interest to test expiicitly for benzene the
validity of the idea mentioned previously by Lennard-
Jores* and by Fukui, Yonezawa, and Shingu!? that the

B See reference 26, p. 145.
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TasLE IV. Separate mutabilities .., 2’/ in units of 1/2165 for $=0.

Indexes Atom-atom Atom-bond Bond-bond
j 11 11,22 11,33 11.44 11,12 11,23 11,34 12,12 12,23 12.34 $2.45
0 35 5 -13 -19 20 -4 —16 20 8 -10 —16
+1 4 -1 7 4 -10 2 8 -=3.5 —9.5 3.5 5.5
+2 —4 11 -7 -4 —1i4 2 8 3.5 9.5 -85 . =55
3 —35 -5 13 19 20 —4 —16 -20 -8 10 16
total* 86 —34 2 —-22 0 0 0 26 —22 14 -10

2 Total =twice the sum of the contributions from the orbitals 0 and =1, associated with the ground state.

alternating character should depend mainly on tuc
properties of the highest occupied orbital in the ground
state. In Table IV, we can find the contributions to the
total atom-atom mutakbilities from the different occu-
pied orbitals, and the phenomenon of the alternating
signs is here due to the combined effect of the lowest
orbital and the next two higher orbitals.?** The particu-
lar importance of the frontier electrons may be true for
more complicated conjugated compounds, but Table IV
shows that it is not valid for the simple case of benzene.

The simple theory of directing power by Wheland
and Pauling was slightly complicated by the observa-
tion that most ortho-para-directing perturbations also
activate the ring in comparison to benzene, and that
most meta-directing perturbations deactivate the ring.
In order to obtain even this effect, Wheland ~nd Paul-
ing® assumed that each perturbation A4, in addition to
the perturbation 64 in its own position, causes also
smaller perturbations 64'=«84 in the positions of the
adjacent atoms. According to (126), this activation
condition is fulfilled and the nature of the directing
power is preserved, if x satisfies the inequality, */28
<x<1/4. Wheland and Pauling propesed the reason-
able value x=1/10, but, following Nordheim and
Sponer,* we will here use the value x=1/8. Stiil other
values are in use.®

We can now treal the juestion of the different re-
activities of the carbon atums in a perturbed benzene
iing by formula (126), where for &, (u=1, 2, ---, 6) we
take the values obtained by summing the contributions
from the perturbations 4, B, - - - introduced in the ring.

By using the general formula (72) and Table IV, we
obtain further, for the total bond ord.rs p,, associated
with the ground state,

P12=3+ (1302 — 11855+ 70
— 504+ 05— 11341)/108,

(127)
Paa=3+ (13023— 119+ 704
— 59+ 7961 — 11812)/ 108,
and cyclic.

After computing these bond orders, the bond lengths may
be found according to the semi-empirical scheme de-
scribed by Coulson and Longuet-Higgins. We note
that even (127) gives rise to properties of alternating
character. Since aii (otal bond-atom mutabilities are
zero, the total bond orders are entirely independent of
the perturbations &, in the charge affinities. This im-
plics that, since the quantities ¢,, usually may be con-
sidered as rather small, the bond orders and hence the

TasLE V. Comparison between separate mutabilities 7, o/ in units of {/8 for $=0, and in units of 1/ for $=0.25.

Atom-atom Atom-bond Bend-bond
J S 1111 11,22 11,33 11,44 11,12 11,23 11,34 12,12 . 12,23 12,34 12,45
00 0.16204  0.02315 —0.060i5 —93.08796 0.09259 —0.01852 —0.07407 0.09259 0.03704 —0.04630 —0.07407
0.25 026042 0.07292 —0.11458 —0.17708 0.16667 —0.02083 —0.14583 0.16667  0.07202 —0.08333 —0.14582
+1 0 0.01852 —0.05093 0.03241 0.01832 —0.04650 0.00926 0.03724 -~0.01620 —0.04302 (.03935 C.02546
0.25 —0.4051 —0.07089 0.05932 0.06366 —0.08102 0.00579 0.07523 —0.05570 —0.06004 0.05715 0.06149
+2 0 —0101852  0.05093 —0.03241 —0.01852 —0.04630 0.00926 0.03704 0.01620 $.04398 —0.03935 —0.02546
0.25 —U05208  0.03383 —0.01302  0.01042 —0.02083 0.01042 0.01042 -—0.00911 0.02995 —0.02474 —0.00130
30 —=0.16204 —0.02315 0.06019 0.08796 0.09259 —0.01852 —0.07407 —0.09259 —0.0370¢ 0.04630 0.07407
0.25 =0.07523 0.00116 0.02199 0.02894 0.03704 ~-0.01157 —C.02546 —0.03704 —0.01273 0.01852  0.02546
total®
0 0.39814 —0.15740 0.00926 —0.10186 0 0 0.12038 —0.10186 0.06482 -—0.04630
0.25 0.35380 —0.13774 0.00813 —0.09954 0.00920 —0.Ci852 K526 0.11054 —0.09432  0.06192 —0.04572

s The total quantities are reierred to the ground state.

88 Nole added in proof: Compaic also H. H. Greenwood, j. Chem.

# G, P. Nordheim and H. Sponer, J. Chem. Phys. 20, 285 (1952).

Phys. 20, 1653L (1952).

er
# H. H. Jafié, J. Chem. Phys. 2é, 279, 778 (1952) has used the large value s=1/3 togcther with the assumptior: that even higher

neighbors are affccied according to a geometrical progression it «.




S

e v

X
Y

o

s e

o

e LY o TL Uk o

PER-OLOV

TasLE VI. Dipole moments ol znme heterocyclics con.aining
nitrogen in Debye units (= i37!® esu). sy =0.6.

Culcutated  Calculated Dipcle moment

Compuund =-moment o-moment calculated  observeds
Pyridine 1.51 0.85 2.36 2,22
Pyridazine 2.60 1.48 4.08 3.94
Pyrimidine 1.51 0.85 2.36 242
Pyrazine 0 0 0 0

s The observed data are taken from Wesscn's compilation: L. G. Wesson.

;foglc: of Electric Dipole Moments (Massachusetts Instisute of Tcdmology

bond lengths are only slightly affected by perturbations
of the ring. This is in agreement with expeii=nce.

We have here investigated only the case S=0, but
the corresponding formulas for S=0.25 are easnly
written up by using (72) and Table V. We note that, in
the latter case, the perturbations V,,, defined by (31),
1nust be given as iractions of the quantity «v:

V=08, V.

=0wy  (B#v). (128)

When overlap is included, there is a slight complication
of the theory depending on the fact that the charge
orders ¢, are strictly speaking associated with the
ON-AO ¢,, and these orbitals are only semiloczlized
on the atoms u.® However, since the whole naive
MO-theory is in ail events very crudc, we believe that
the quaniiiles g, aind p,, may be used ara ‘“inter-
preted” in the semi-empirical theory in the same way
as before.

In this connection, we observe that, since the ad-
vantage of the naive theery is just iis simplicity, it is in
general impczsible to improve the theory within its
own frame. An essential improvement can first be ob-
tained by studying a much more elaborate theory,
based on antisvmmetrized molecular wave functions,
but, also in this case, many of the quaniities treated
here will still be useful.

Calculation of Dipole Moments of the
Perturbed Benzene King®

We shali now investigate the contributions from the
x-electrons to the dipole moment of the perturbed
benzene ring. Since the total charge of the w-electrons
is different from zero, it is convenient to use the sym-
metry center of the ring as fixed reference point and
srigin of the coordinate system.

Let us first consider the simple case S=0. In ihe

naive MO-theory, the total x-electron charges at the

various atoms are given by the quantities eg, deter-
mined by (126). Since these relations are linear in the
first-order approuimation, it is sufficient to consider
only one of the perturbations 8,. According to (127},
the bond lengths are only slightly affected by the

* See also R. McWeeny. J Chem. Phys. 19, 1614 L (1951) with
errata in J. Chem. Phys. 20, 920 L (1952).

7 Fee a preliinizary reg ort of the results in ihis sectisn, see
P.O. D:wdm,] Chem. Phys. 19, 1323 L (1951).
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perturbations introduced in the ring, and we will
therefore use a constant bond length a equal to the
benzeae value f7=140X10"% cm) and a hexagonal
form of the ring. From (126), it is then easily shown
that each perturbation gives rise to a vector contribu-
tion to the m-moment of the magnitude eas,/3 esu with
lie direction from the center to the atom u. Using the
valne ¢=4.80X 10719 esu, this gives a vector contribu-
tion of

2.22. §, Debye units (129)

for each perturbation. However, cach heteroatom or
group A introduced in a specific position in the ring
causes, in addition to 84, alsu smaller perturbations
54'=54/8 in the adjacent positions, and the resulting
vector contribution from A4 is therefore

(130)

Thus we have found theoretically that the ordinary
vector addition rule for calculating dipole moments holds
even for the contributions from the mobile m-electrons
of the perturbed benzene ring. In order to find the total
dipole moment of the molecule, we have then only to
add the contribution from the ¢-eieciions with respect
to the center, determined by the vector rule from the
bond moments.

As examples, we will consider perturbed benzene
rings containing nitrogen or -methyl-groups. If in
pyridine, CsH;N, the value 8y=2, recommended by
Wheland and Pauling® is used, formuia (130) gives a
w-moment of 5.04 D ; a more exact solution of the secular
equation gives 4.48 D. Both these values are much too
msu v be in agreement with the observed data, and

thus &y and then the whole 8-scale must be cssentially

reduced in value in order to correspond to the correct
dipole moments. We have found a value of dn=0.6
more reasonable, and in Table VI we have summarized
our results for pyridine and the diazines in comparison
to the experimental values. Our &x-value is supported
by a recent paper by Orgei ef al.,*® where it is shown by
solving the secular equation that a value of dn=1.0
gives r-moments which are oo high by a factor 1.6.

We will further investigate some benzene derivatives
containing a methyi group. Neglecting hyperconjuga-
tion. the influence of the methyl group is treated as
only causing a perturbation 3cH: at the carbon atom of
the ring, where it i< attached. From chemical observa-
tions, it is a well-known fact that nitrogen in pyridine
is meta-directing, whereas the methyl group in toluene
is ortho-paradirecting; the former corresponds to a
positive value of 8y and the latter to a negative value
of écH;. By using the valne dcHa= —0.10, we have ob-
tained the results for toluene, the xylenes, and the
picolines iisted in Table VIi.

In this investigation, two adjustable parameters give
values of the dipole momeits of cleven molecules in good

2.52 §4 Debye units.

38 Orgel, Cottrell, Dick, and Sutton, Trans. Faraday Soc. 47,
113 (1951).
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agreement with experience. The naive MO-theory gives
us here a device for correlating the observed chicmical
properties of directing power with the values of the
dipole moments. We note particularly the increase
of the dipole moment from pyridine to y-picoline, which
is associated with the difference in sign between 8y and
0CH;, i.e., with the difference in directing power.

Here we have discussed only the naive MO-theory
in the simple case when overlap is neglected (S=0),
but now we will derive also a inore exact expression for
the dipole moment of the =-electrons. For this purpose
we will consider the bonding-overlapping matrix R
introduced in reference 28, p. 1572, by ihe formula

R=(1+8)~4d*+(14-8)~4, (131)
RIU’=Z (l+ S)ua_idaﬁwt(l‘*" S)ﬂ'_i. (132)
al

or

We describe the system of w-electrons in the ground
state by an antisymmetrized molecular wave function,
¥, which is approximated by a determinant of molecular
spin-orbitals (MSO) formed by taking the product of
the MO ¢ 7 and the ordinary spin functions. The #w-mo-
ment is then

D,=ef‘lr"x‘ll(dr). . (133)

This expression, can be simptlified in the foliowing way
by using (131):

oce

D.=2Y | ¢y xyidr
Yy

occ

=23 2 C'i,.f euXxedr-C,?

T ows

Zseo r
=2e S }: dvu""J CuR T
i o

=e2 d,tt { euXodr
By -

=e¢ 3 @, 1+ S)ua_§f¢ax¢ﬁd‘f(l+ S)s 3

pr.ap

=i Z{Z (l+ S)Br—idruwt(l;i' S):m_;} f¢ax¢ﬁd"

af pr
= T Ry [guxtotr, (134)

which gives the formula
D.=eY R,,..f buxb,dr. (135)
nr

7

TasLe VII. Dipole moments of some benzene derivatives
containing nitrogen and methyl, in Debyve units. §x=0.6 and
S§CHa=—0.1.

Dipcle moments Dipole moment.
Compound calculated observed® Compound calcuiated observeds

Tolverz 0.25 0.37

o-xylene 0.44 0.52  a-picoline 249 1.72
m-xylene 0.25 0.37  B-picoline 2.25 2.30
p-xylene 0 0 ~-picoline 2.ui 2.57

» See reference a. Table V1.

In order to compute the w-moment, we have therefore
to calculate the total charge and bond orders, ¢, and
Pu», which form the elements of the matrix d,,%**, and
after inclusion of the overlap matrix S according to
(131), wc can then find the w-moments if the iniegrals
S ¢uxpdr are known. We note that the quantities
¢u and p,, still play a fundamental role, but that more
information about the molecule is needed here than in
the naive theory.

Colculation of Orbita! Energies for the
Perturbed Benzene Ring

The orbita! energies are of particular importance for
investigating various properties of the molecule as a
whele. We observe that the orbital energies cannot be
dii octly used for evaluating excitation energies, since,
for this purpose, they have to be completed with in-
formation about the separat® “repulsion integrals,” but
that they give the ‘onization energies of the perturbed
molecule according to Koopmans’ theorem® with a
high degree of accuracy.*

The orbital energies e’ for the perturbed benzene ring
can easiiy be obtained to the second order by means of
the perturbation scheme developed in Sec. 3. Accordiag
to Egs. (52) and ‘80), we obtain for the nondegenerate
and the doub'y degencrate levels, respectively:

i Un, =0

- 2
= <

’ b

(126)
e=Uiix|U#|, j==zI1, £2

wherz the elements U’* are given by (46). As an ex-
ample we will tabulate the orbital energies for the sim-

4 .
g O / j
K.
A Ortho-AB Meta-AB Para-AB
Monoperturbed v
ring Diperturbed ring

F16. 3. Types of perturbations introduced in the ring. In addi-
tion to the perturbations 54 and & in the positions of 4 and B,
respectively, there are also smalier perturbations 54'=38,/8 and
85’ ~=55/8 in the adiacent positions.

» T, Koobmans, Physica 1, 104 (1934). See also C. C. T,
Roothaan, Revs. Moderu Phys. 23, 69 (1951).

« See the discussicn given by Mulliken in R. S. Mulliken, J.
chim. phys. 46, 497 (1949).
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ple cases of a ring containing one or two perturbations,
A and B, according to Fig. 3.

For the sake of simplicity, only the case of perturbed
charge affinities for S=0 will be treated explicitly, i.e.,

Viu=88, V=0 (uz=r). 137

The more general problem can be solved in the same
way without any difficulties. The actual matrix ele-
ments Ui and U#7 (j'= - j) have ncw the form

8 o
Uii=eiO4_ 3 §,4— 3 8,07 pp xa’,
6 » 2 ux

(138) -

B 8 . o
Uitf'=—~ z 5”e-2"'ni/3+_ Z 6”6;9,‘_,’8—"(”+" nS’
6 » 6 My

and, for the real and imaginary parts of U7, we get
specifically ’

B
re{Ui"} =-6- > 8, cos2wui/3
M

+E 2 80,87 cosm(pu+x)7/3,
s
, (139)

Uiy = _E T 8, sin2wuj/3

B

Fe . : a
= T Sube i sinw(ut-x)5/3,
Hx

TasLE VIIL. Orbital energies for a monoperturbed ring for §=0
and 84'=54/8: & =c+F{ri4cibatcanisal).

j o ’ cal caq’
0 2 0.20833 0.0884C
1 1 0.35417 —=0.00731
14 1 0.06250 0.0C195
2 -1 0.35417 0.00731
2" -1 0.06250 —=0.00195
3 =2 0.20833 —0.08840

TasLE IX. Comparison between values of the orbital energies®
for a monoperturbed ring, obtained by means oi perturbation
theory (I;T) or by solving the secular equation (SE): §4=0.5, 1,
1.5, and 2.

i Method 34=05 a1 sa=15 34=2
0 PT 2.126 2,297 2.511 2.770
SE 2.130 2.322 2.584 2907
4 PT 1175 1.347 1.515 1.679
SE 1.172 1.319 1.431 1.510
1” PT 1.031 1.064 1.098 1.133
S| 1.031 1.064 1.098 1.133
2 PT -0.821 —0.639 —0.452 —-0.262
. SE —0.824 —0.659 —-0.512 —0.383
21 PT -—0.969 —0.939 -0911 —0.883
SE —0.959 —0.936 —-0.911 —0.883
3 PT —1.918 —1.880 —1.886 —-1.937
SE —1.915 —1.857 —1.816 —1.785

= (a—a}/2

and thereafter the angle 2¢ in (34), which determines
the coefhicients in the perturbed MO.

The results for a monoperturbed benzene ring are
given in Table VIII, and, in Table IX, we have given a
comipalisou between ine energies obtained according
to second-order perturbation theory (PT) and the
energies obtainad by solving the secular equation (SE).
In the last table, oniy the quantities (e—a)/B are
listed. We note that the perturbation theory shows
excellent agreement with the SE-values in the region
54=0.5, and that the accuracy is sufficient for most
purposes in the naive theory also arcund the point
5,4 = 1

In Table X we have finally listed the orbital en-
ergies for a diperturbed betzene ring with S=0 and
54'=054/8, 65"=065/8. The energies are here expressed
in the form:

¢'= a+ B,
xi=1i4-cA'6 44 Cald s+ 276
Fc44786424can?d4dptcpnidE" (140)

+ (Caa784°+4Cap 6428+ Cpa 6485+ Cupé8%)/6,
3=(542—8.05+8201

The results given in Tables ¥1iI and X wiii be utiiized
in subsequent papers.

A discussion of the symmetry properties of the mono-
and diperturbed benzene ring has recently been givin
by Nordheim and Sponer,* who have aiso investigated
the molecular orbitals and the orbital energies of some
compounds of these types by solving the secular eqna-
tions.

7. Concluding Remarks

The general second-order perturbation theory for
perturbed conjugated systems, develsped in the first
part of this paper, seems to have a sufficient accuracy
for most applications in the semi-empirical theory. If

are known, it is possible to derive the corresponding
pruoperties of a heterocompound, cobtained by replacing
one or more carbon atoms by heteroatoms or groups,
in a rather simple way witliout the laborious solution of
higher order secular equations with different elemects.

For small perturbations (§<1), e same perturba-
tion scheme may be used also in a more elaborate
MO-theory, and, for larger perturbations, one has the
possibility of improving the accuracy by the inclusion
of terms of the third and higher orders.

In the second part of the paper, the thecty has been
applied to the perturbed benzene ring having six x-or-
bitals, and ¢ number of usciul “benzene constants” have
been tabulated. We note that, by splitling the secular
equation in a way recently described by the author,”
it is possible to transform problems concerning sub-
stituted benzenes having seven, eight, or more wx-or-
bitals, inie a form where they are rlasely reiated to the
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TasLE X. Orbital energies for a diperturbed isenzene ring with S=0, 84'=064/8, and 85'=535/8, according to formula (140).

Compound j r caf=cp/ & cAal =CBBI CAB/ 44! =Crp! Cap? =Cpa’
Ortho-AB 0 2 0.20833 cee 0.08840 0.04832 oo oee
1’ 1 0.20833 0.14583 —0.00268 -~0.0402% —0.02453 -0.05165
17 i 0.20832 ~0.14583 —0.00268 —0.04029 0.00463 3.05163
A -1 0.20833 0.14583 0.00268 0.04029 0.00463 0.05165
2" -1 0.20833 —0.14583 0.00268 0.0402¢ —0.00463 —0.05165
3 -2 0.20833 il s —0.08840 —0.04832 oo oo
Meta-AB 0 2 0.20833 orefs 0.08840 ~0.07668 .o oo
v 1 0.20833 0.14583 ~0.00268 0.02611 —0.00463 6.04210
1” 1 0.20833 —0.14583 ~0.00268 0.02611 0.00463 ~0.04210
2 -1 0.20833 0.14583 0.00268 —0.02611 0.00463 —0.04210
2" -1 0.20833 —0.14583 0.00268 -0.02611 —0.00463 0.04210
3 -2 0.208332 B2t o —0.08840 0.07668 see [
Para-AB 0 2 0.20833 0.08840 -0.12008
1 1 0.35417 ~ ~—0.00731 0.07133
i 1 0.06250 0.00195 - 0.00390
2 -1 0.35417 0.00731 ~0.07133 cor oo
2" -1 0.06250 —0.00195 0.00390 oo T
3 -2 0.20835 —0.08840 ° —0.12008 cee oee

benzene problem treated here, and where the same
“benzene ccnstants” may again be useful.
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Wavelength Shifts in the near Ultraviolet Spectra of Flvorinated Benzenes

H. SpoNER*
Department of Physics, Duke Unsversity, Durham, North Carolina

(Received June 30, 1953)

Results on wavelength shifts of the 0,0 baads in the near ultraviolet absoiption spectra of 2 number of
fluorinated benzenes are presented, and a brief discussion ir terms of the inductive effect and the mizration

effect is added.

T has been observed that the electronic transition

which occurs in benzene at 2600A shifts toward
longer wavelengths upon substitution. This shift has
been the subject of many studies and was discussed,
usually together with the intensity of the absorption
spectra, in its dependence upon the resonance iniei-
action betwees ring and substituent (migration effect,
mesomeric effect) and upon the polarity of the ring-
substituent bond (inductive efect).! In general, the
results on intensities'®!*? have been more satisfactory
than those on vavelengih shifts.

We have made in our laboratory seme interesting
observations on wavelength shifts in the spectra of
flucrinated benzenes. The most unusual result was
chtained for 1,3,5-triflucrobenzene.® Unlike the cases of
othier substitutions studied spectroscopically, in which
the spectrum of the trisubstituted derivative shifts
further to the red as compared to that of the mono-
derivative (see for example 1,3,5-trichlorobenzene! in
Table I), the spectrum of 1,3,5-trifluorobenzene shifts
toward the violet as compared to the fluorobenzene
spectrum. In fact, it even lies at shorter wavelengths
than the benzene spectrum. Although the analysic has
been carried through only partially so far, it can be said
that the calculated position of the 0,0 band is probably
at 38 527 cm™!. This means that introduction of two
more fluorine atoms in the 3 and 5 positions over-
compensates the small red shift for fluorobeizene,
causing a total shift of 708 cm™! to the violet with
respect to the 0,0 band in fluorobenzene. We helieve
tnis to be the first example of this type. ‘The spectrum
has the intencity and the appearance characteristic of a
transition forbidden by symmetry, as is to be expected
for the first absorption of a symmetrical trisubstituted
benzene molecule and as has been found to be the case
for 1,3,5-trimethylbenzene and 1,3,5-trichlorobenzenc.

Subsequent investigation of the near ultraviolet spec-

* Guggenheim Fellow, at present at Institute for Mechanics and
Math, Phys., University of Uppsala, Sweden.

! (a) K. F. Herzfeld, Chem. Revs. 41, 233 (1947); (b) A. L.
Sklar, J. Chem. Phys. 7, 984 (1939); ibid. 10, 135 (1942); (c) Th.
Forster, Z. Naturforsch. 2a, 149 (1947); (d) F. A. Mat-en, J. Am.
Chem. Soc. 72, 5243 (1950); (e) W. W. Robertson and F. A.
Matsen, J. Am. Chem. Soc. 72, 5252 (1550).

* Jobn R. Platt, J. Chem. Phys. 19, 263 (1951).

3M. L. N. Sastni, Pb.D. dissertation, Duke University, 1951.

$H. Sponer and M. D. Hall, V. Henri Memorial Vol. Con-
tributions A I’Etude de la Structure Mboléculaire, Desoer 1947-
1948, p. 211.

trum of 1,3,5-tris-triftuoromethylbenzene® gave as prob-
able position of the nonobservable 0,0 band 38 100
cm™, that is, it is shifted towards shorter wavelengths
not only with respect to benzotrifluoride, but also with
respect to benzene (Table I).

zene, p-difluorobenzene,? 1,2,4-triffuorobenzene,” where
the 0,0 bznd of the p-diderivative moves toward the red
and that of the 1,24-triderivative shifts a little back

A\ N

toward the position of the 0,0 band of the mono
derivative. The corresponding transitions in chlorinated

benzenes, added for comparison in Table I, show a con-
tinued red shift from the mono- to the trisubstituted
compounds.

The observations on the shifts suggest that they are
the result of the combined action of two effects. In the
first effect, the fuorine because of its large electron
affinity attracts ¢ electrons from the ring (inductive
effect), in the second effect, charge from the non-
bonding Zpr ciectrons of the substituent can migrate
intc the ring {migration effect). Because of the very
high ionization potential of the fluorine atom, the second
effect is very small. The effects are opposite in sign.
They will not only influence the charge of the finorinated
carbons, but also the charge of the whole frame in
which the mobile = electrons travel. If the migration
effect predominates, the negative charge added to the
ring will decrease the potential field in which the =
elzctrons move; if, on the other hand, the effect resulting
from the electron affinity is greater, the ring potential
increases.i Thus, in the first case the absorption spec-
trum will show a red shift : nd in the second case a blue
shift. In multiple substitutions, the arrangements pre-
ducing the smallest migration effect will give the largest
blue shift. In the irisubstituted fluorobenzenes this is,

5C. D. Cooper and F. W. Noegel, J. Chem. Phys. 20, 1903
(1952).

$C. D. Couper, Phys. Rev. 91, 241 (A) (1953). The solution
spectrum was taken by A. Wenzel and H. P. Stephenson at our
laboratory.

TVapor «znd solution spectra were first obiined by H. P.
Stephenson and are now being studied in more detail by K. N.
Rao in our laboratory.

t The x electrcas can also be attracted in the inductive effect,
but the migrationa! effect is considcred more important for them.

$ The views presented liere lie somewhat along the lines recently
put forward by C. A. Coulson [Proc. Phys. Soc. (I.ondon) 65, 933
(1952)] in his treatment of alkyl shifts in absorption spectra of
azulenes. See aiso Pullman, Mayot, and Rerthier, J. Chem. Phys.
18, 257 (1950) and H. C. Longuet-Higgins and R. G. Snowden, Jr.,
J. Chem. Soc. 1952, 1404.
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235 ULTRAVIOLET SPECTRA OF FLUORINATED BENZENES

for example, the case for the 1,3,5-arrangement, L.t in
the 1,2,4-compound the migrational effect outweighs the
inductive effect. The chlorobenzenes will aiways give a
red shift, as not only is the electron affinity of the Cl
atom smailer than that of ihe T atom, but it also has a
much smaller ionization potential, which will increase
the migrational eflect.

Férster has given a semi-empirical formula for the
wavelength shift in substituted benzene spectra. It con-
sists of two terms

Av=yy—v=nB+ n(3—n)/2+32)C. (1)

Here »; and » are the 0,0 bands of benzen~: and the sub-
stituted benzene in wave numbers, # is the number of
substituents, p is the number of pairs in para-position,
and B and C are constants characteristic of the par-
ticular substituent. The number in the large bracket,
called here u, represents a geometrical property of ihe
molecule. The same number is important for the in-
tensity increase of the electronic transition in question
aver the intensity of the unsubstituted parent moiecule,
oenzene, that is I— Iy=uA. Here I is the “vibrational”’
contribution to the intensity (taken as the benzene
value), I is the total intensity and A is another con-
stant charactevistic of the substituent. The ratios of p
numbers in substituted benzenes CeHgS:o0-CeH (Ss:
m-CaI'I‘SzZ ?-CJ’LSQI 1,2,4-C51‘i3$3: 1,3;5-CGH3$3= 1 :1:
1:4:3:0 correspond then roughly to the ratics of the
observed intensities J'®? (f values). It was found
possible to express the observed shifts in the spectra
of the fluorinated benzenes by a Férster formula, if a
negative value is chosen for B. The negative B might
indicate the importance of the large electronegativity
of the fluorine atom. The best fit of the fluoro-series is
obtaired for B values between —100 and —130 and
corresponding € values between 380 and 410, all in
wave numbers. The shifts of the corresponding chloro-
series (all to the red) may bc represented with B and C
values of about 845 and 170 cm™, respectively. Because
of scarcity of material in the fluoromethyl-seiies no
similar representation is possible for the shifts in this

Tabre I. Positions of 0,0 bands (vapor) and intensities in the
near ultraviolet spertra of some finorinated and chlorinated
benzenes.

Intensity

Molecule 6,0 band cm*! X108
Benzenc CeHs 38 089 caic 1.6
Fluorotenzenc Callsl 37 819« 8.9
m-difluorobenzcne CslF 37 909> 3.4
p-difluoroberzene | -3 450 25812 22.4
l.2.4-triﬂuorobcnzenc}c HaF 371237 19.2
1.3.5-triflucrobenzene/ - #1130 38527 cale ~2.0
1,2,4.5-tctrafluorobenzenc CaHaF 36 605/12¢
Benzotrifluoride CeHsCF3 378194 7.1
1,4-bis-trifluoromethylbenzene Csll((CF3)3 37 4604 12.0
1.3,5-tris-trifluoromcthylbenzene C3H(CFi)s  ~38 1003 calc 24
m-fluorobenzotnifluoride e 37 353 (14.7)
p-fluorohenzotrifluoride }C'“‘l'Cl" 37 866¢ (2.4)
2,5-diftuorobenzotrifluoride CeH3FCly 56 800 sol! 27.0
Pcrfluorototuene Ci¥:sCFs 37 700 sol! 21.0
Chlorobenzene CoHCl 37 052s 3.0
o-dichlorobenzenc 36 2650 4.0
m-dichlorobenzcnc } CaHClz 36 186% 4.1
p-dichlorobenzene 35 743 ~6.8
l.2.4-trichlorobcnzcnc}c 1Ol 35 108i ~6.0
1.3,5-trichlorobcnzenef -3 -1 35 498¢ calc 2.1

= S, H. Wollman, J. Chem, Phys. 14, 123 (1946).

h V, Ramakrishna Rao and H. Sponer, Phys. Rev. 87, 213(A) (1952).
¢ Results of K. N. Rao in our laboratory.

4 l. Sponcr and D. S. Lowe, J. Opt. Soc. Am. 39, 340 (1949).

® W, T. Cave and H. W, Thompson, Disc. Faraday Soc. 9, 35 (1950).
t 11, B, Klevens and Lois J. Zimring, J. chim. phys. 49, 377 (1952).

¢ 1. Sponer and S. H. Wollmau, J. Chem. Phys. 9, 816 (1941).

b H. Sponer, Revs. Modcra Foys, i4, 224 {(1942).
! Hedwig Kohn and H. Sponer, J. Opt. Soc. Am. 39, 75 (1949},

series and for the shifts in the fluorinated benzotri-
flurrides.

It is perhaps not superfluous to add to this discussion
that all known near ultraviolet spectra of fluorinated
benzenes in the vapor phase show discrete siructure
with sharp or rathec sharp bands. The difference of
appearance of the spectra of 1,3,5-trifluorobenzene and
1,3,5-trichlorobenzene is particularly striking.

Acknowledgment is made to Dr. J. Rud Nielsen
(University of Oklahoma}, Dr. D. C. Smith, and Mrs.
N. B. Moran (Naval Research Lakboratory), for kindly
supplying us with samples of 1,3,5- and 1,2,4-triflucro-
benzene, and 1,2,4,5-teirafluorobenzene; and to Dr. L.
Bigelow (Duke University) for the meie- and para-
difiuorobenzene samples. It was a pleasure to have
stimslating discussions with Dr. Platt on the subject of
wavelength shifis.
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Bolution Speotra and Osclllator Strengths of Elecironic Transitions
of Pyridine and Some Monosubstituted Derivatives *‘?
Harcld P, stephenson:'-g’
-Department of Physics, Duke University, Durham, North Carolina

Abgtract

The near ultraviolet avsorption spectra of the following sub-
stances hﬁve been measured in isooctane and ethyl alcohol solutions: !~\»
pyridine, the lsomeric picolines, 2- and 3-fluoropyridine, 2- and &
3-chloropyridine, and 2- and 3-bromopyridine, Solvent effects were
cbesrved and oecillater strengths were measured for the singlet=
singlet n-n* and n-m* electronic transitions which occur in the

"1 t5 48,000 om™, It was found that in
this spectral region the n-n* transition i1s missing in the case

of 2-fluoroe, 2-chloro~, and 2-bromoryridine,

AD-3¢

#Teken fiom part of a thesls submitted by Harold P, Stephenson in
partial fulfillment cf the requirements for the degree of Doctor
of Philosophy at Duke University, 1952,

+ Thie investigation was assisted by the ONR under Contract Méori-
107, Tesk Order I, with Duke University.

¥ ghell 0il Company Feilow at Duke University, 1950-1951.

§ Present Address: Department of hysics, Iiiinsis Wesleyan

University, EBloomington, Illinois,
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Introduction

The fact that in the near ultravialet absorption spectra of
pyridine, the dlazlnes, and meny of thelr derlvatives there occur
n-n* electronic traneitions as well as m-m* transitions, makes 1t
egsentlal that criterla be avallable for distingulshing the two
types, Two such criteria, which are proving particularly useful,
are & comparison of solvent effects and a comparison of oscillator
strengths (f values), - In the research reported here solvent

effects have been observed and the oscillator strengths measured

for the following substences: pyridine, and 1somerlc pilcrlines,

2- and 3-fluoropyridine, 2~ and 3-chloropyridine, and 2~ and 3-
bromopyridine, The solution spectra of all these compounds are

known in the literature, Several of them, however, hove been

studlied in only one sclvent «nd without prior knowlelce of the

existence of thie two typec cof electronic transitions, In order

bl
o

tc make the oscilliator strengt terminatione it waoe necessary,

therefore, to mrke new measurements for all the substances,

1 J.R, Platt, J, Chem. Phye, 19, 101 (1951).
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Experimental

The spectrograms reported here in Fig, 1 through 10 were measured

with a Beckman spectrophotometer using isooctane and 95 per cent ethyl

alcohol cclutionsg, The molar extinction coefficients £ Were calculated
from the equaticn

T = Io-'n" €cl (l)

where ¢ 1s the concentration in moles per 1iter and 1 1s the path length

in em, Cells one cm long were used throughout this research,

The comicounds were obtained from various sources, The pyridine was
a commercial Merck product which had been purified by being distilled

twlce under ordinary pressure and then a third time after standing over

i ]

potassium hydroxide, Dr. J.,J. HcGovern of the Melion Institute sup=-

plied the samples of 2-picoline 99.85% pure (b.p. 129,14°) and 3-picoline

99% pure (b.p. 143,0-143,5°), The 4-picoline {b.p. 144,5-145,0°) was

purified by Dr, J.C, Shivers of the Zepartment ot Chenistry, Duke U

Duke Uni-
versity, and was purified further in thls lcoboratory by an additiional
distillation,

y pure samplee of 2-chloropyridine, 2-bromopyridine, and 3-

bromopyridine were obtained from Dr., M, Kasha, A few grams of 3-chloro-

pyridine weore synthesized and purified to special order by the Delta

Chemical Works, Purity specifications were not available, but experi-

ments with vapor abscorption have indicated a high degree of purity. The

samples of 2~ and 3-fluoropyridine were given to us by Dr, Arthur Roe

of the Department of Chemlistry, the University of North Caroline, The

sample s had been very carefully dried and distilled and were supplied

in vacuum-tight breakseals,

In the course of the research some difficulty with chemical decom-~
oosition arose for 2- and 3-bromopyridine and 2-fluoropyridine, The

nature cf the decomposition was rather imperfectly understood, but it

|
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Table I
Comparison of Experimental Results with Literature
Compound  Band Maximum  Naomnr AGLen lvent Refcreance
. ecm™ Extiaciioa L
Pyridine 39,750 2020 Iscoctane This research
39,750 20l0 Cyclonexan~ 2
39,750 1630 Hexane 3
39,750 2300 Heptane L
39,750 1970 Lgooctone 5
39,750 1770 Isooctane 6
39,750 2070 Cyclohexane 7
38,900 2630 Alcohol This research,
38,900 2240 Alcohol 8
38,500 2600 Alcohol 9

g

2 F, Halverson and H.C, Hirt, J, Chem, Phys, 19, 711 (1951),

3 H, Fischer and P, .Steiner, Compt, rend, 175, 882 (1922},

% J.P, Wibaut and C.,W,F, Spiers, Rec. des Trav, chim. des Pays-Bas
96, 573 (1937).

£ American Petroleum Institute Research Project Ui at the National
Bureau of Standerde, Catslog of Ultravioclet Spectrograms, Serial No,
34, Pyridine, contributed by the Unilon 0il Company of Califeovnia,

5

API Regearch Project 44, Serial No, 108, ryridine, contributed by the

California Rescarch Corporation,

7 E.F.G, Herington, Dis, Fer, Soc, 9, 26 (1950).

8 Landolt—Bgrnstein Physikalisch-Chemlsche Tsbellen, Berlin: Julius

Soringer, 1935, 5th edition, 3%#3 supplement, p, 1416,

9 WK, Milier, 5,B, Knight end A, Roe, J, Amer, Chem. Soc. 72, 1629

(1950) .

R RN e F T SRR S Kt R i o b

T . T LT A TSRO



v
-

Lot )

R

‘,;;.n PECATRE IR S IINANEY

Y T PN TR ey

el gida b dlase

f!,"

5-
Table I (cortinued)

2-Ficoline 38,230 2420

33,000 2385 Isooctane This reseairch

38,160 2430 ,

38,900 250 Tasococtane €

38,160 2lk2o

38,900 2530 Cyclohex~ne 10

38,160 2700

38,900 2700 Cyclohexanc 7
3-Picoline 3%, 750 2260 Isocctnne This research

38,750 2250 Cyclohex~ne 7
Y-Picoline 39,050 1550 Iscoctane T™is res:orch,
| 39,050 160C Cvclohex~ne 7
2-Fluoro- 38,750 3200 Alcohol This resecarch,
pyridine

38,750 3250 Alcohol 5
#-Fluoro- 38,160 2990 Alcohol This rescarch,
pyridine

24,160 2050 Alcchol 9
2-Chioro- 37,800 2920 Isooctane This research
pyridine

37,200 2750 Heptane i
Z-Chloro~ 37,370 2400 Isooctnne This reaearch
pyridine

37,900 2450 Heptane L
2-Bromo- 37,580 2950 Iscoct ne This rescarch
pyridine

37,000 3000 Heptane 4
3-Bromo-~ 37,300 2270 Isooctane This researcn
pyridine

37,500 2000 Heptene 4

100 API Research Project Ui,

by the Mellon Inatitute,

Serial No, 213, 2-Picoline, contributed
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has appeared reasonably certain that the spectra were inappreciably

affected thereby, A comparison with the literature, the majer outline

.ola 2
Qf wWiia

(2]

-x.

Q
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given in Table I, shows tht there 1is good agreement between.
the spectrogramg reported in this research and those rcported elsewhere,
With regard to the difficultics with decomposition, 1t is significant
that our data for the halogenated pyrldines agree so wcll with the date
of Wibaut and Spiers® published in 1937 and the more recent data of
Miller, Knight and Roe.9 The lergest discrepancy was noted faor 3-bromo-
oyridine in non-polar solvents,

Solvent Effects

It hos been largely cue to the work of Kasha,ll and Rush and

12, 13

Sponer that in pyridine the exilstence of at least one singlet-
einglet m-m* electronic transition. and at least one singlet-singlet
n-7* electronic transitlen hne been established, One of these transi-
hee its 0-C band at 34,769 cm - 1in
the vapor and 1s now recognizedll’ L ag an n-m* transition, The second
transition {referred to as Transition II) has its 0~0 band at altcut
38, 350 cm“1 in the vapor13 and long remained undetected as a system
independent of Transition I, because its bands are very diffuse and
overlap Transition I around 38,500 cm—l‘

Kasha first advanced the idea thet in the &iffuse reglon beglnning

at about 38,500 cm-'1 there 1s o strong m-n* transltion (here called

el so came to the consluesion that Transition I is likewise an n-m#

transition and not a m-n* transition as formerly supposed, According

11 M, Kasha, Disc, Far. Soc, 2, 14 (1950),

12 J,H. Rush and H, Sponer, J, Chem Phys. 20, 1847 (*9r2). See this
paper for many esarlier references,

13 H. Sponer and J,H, Rush, J, Chem Phys, 17, 587 (19! 9).
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to this view there would be three singlet-singlet transitions in the

1 to 48,000 cm-l (sec Fig, 1). Rush and Sponer de-

region 33,000 cm~
finltely identified two of these transitions (Transitions I and II) in
the vapor specira of the isomeric picclines, The cxistence of the
gecond n-1t* gystem could not be dcfinitely estoblished r'rom the vapor
spectra sudies,

It was upon interpretations of solvent effects thnt ¥rsha chiefly
basgsed his ldeas, In this rescarch the sclvent c¢ifects which nay be

obaerve ¢ T

o
4 UL

Cu

rangitlion I hieve been investignted in consiferable de-
tall for pyridine and several deriveatives, The essentlial features of
the effects may be understood from Fig, 1 for pyridine, The 0-0 band
positions as determined from vapor mcasurcments arc indicnted with
errows]l That the spectrograms taken in nlcohol should bc so much more
discrete than that taken in isocctnne solution has becen the evidence
given by Kasha for the exlstcnce of two transitions in the region of
Trangition II, Because of the lack of supporting evidence from vapor
spectra, the evidence must be consiCered to be inccnolusive at the
present time, The situation ls much more satisfactory with rcgart to
Transition I,

From the gpectrograms one can see thrt in the reglon of Trangition
I (abcut 34,000 cm-1 to 37,500 em™) the intcnsity of pyridinc absorp-
tion decreases in alcchol solution as comprred to that in isooctane
solution, The intensity decrcase may be interpreted by the ~ssumption
that in alcohel the nitrogen nontoncding spa clectrons become involved
in the formation of a hydrogen bond, ond that consequcntly their exci-
tation required more en: gy and thus the n-m* transition moves towards

the violet, An assumed hydrogen bond strcngth of ~bout 6 kcal/mole
might be expected to correspong to a shift of sbout 2000 cm-;. guch

ST s —C T
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a shift would be sufficient to caruse Transition I to move well into the
region of Transition II =nd hencc to be obscured by the latter transi-
tion;

In accordance with the results of Rush and Sponer that all threc¢ of
the pilcollines possess a Transition I and a Transition II, one seces from
Fig; 2,3, and U that the cffect of the two solvents upon the spectro-
grame cf the plcolines is the same as for pyridine, that 15; the regica
of Trensition I decrenges in intensity when ths change 18 m~ée frcm iso-
octane to alcohol whlie the region of Transition II incrcases in inten;

sity; The spectrograms of 3-fluoropyricine, 3-chloroyyridine, ~nd 3-

Eromcpyridine shown in.Figg, 6,8, and 1C reveal thot those substrneces

also react to a solvent chenge in exnctly the szme way ~s pyridine, The
vapor spectra of these substonces have elso been mensured in this lab-
oratory, and the existencn of the two transitions for those compounds
has been definitely established,

y The situation 1s very fiffeorent, however, for 2-fluoropyriclne,

2-chloropyridine, and 2-bronopyiridine, Flgs, 5,7, and 9 show that

these substonces do not rcact to & scolvent change in the games wry ng
does pyridine, In the low-encrgy regions of the spectrogroms the
strength of absorpthn 18 practically the same in alcohol esolution as
in 1sooctane solution; It appears as though the aclvent éffect cri-
terium for assigning Transition I as a nonbtonding electror. transition
has no validity for these ortho-substituted compounds, Vapor spectra

studies made in this loboratory have shown, however that these sub-

cr

gtanoss acturlly do not heve a singlet-singlet n-m%* transition in the
speotrel reglions explored by these experimcnt& It will be made clear
later how this fact may be interpreted so as to ndd welght to the

argunent that Transition I 1s 2n n-n%* transition,

e ——r e ——
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Determination of COscillator Strengths

From Figs, 1 through 10 it can be seen that Transitions I and II
are very close together in the cpectrograms in which they nppesr as
identifiable transitions and are furthermore not sep~rated by a mini-
mum, However, from the folil2wing considerations it is vossible to
arrive et a seprration of thc two absorting regicns, For nil the spec-
trograms, even 1f there is no Transition I, the absorption intensity
in the region of Treansition II increases when the solution change from
lgooctane to alicohol 1s made. If we aséume the extreme case that it is
mainly Transition II whose intensity is increased in nlcohol cnl thnt
fTransition I is negligibly wcek when 1t is shifted into the second
region, we may construct separated curves for isooctane golution in
the following way:

Let the first principal maximum at 38,000 om™L (Fig. 1) be chosen
to rcpresent o measure of the relative intensity increase of Tirnansition
11 in aleohol, The increase is 20 percent (from 1370 to 1765), 1If
| now the entirc portion of the curve in 2lcohol solution from thle max~
imum toward smaller wavenumbers i1s diminished oy 20 per cent and the
derived curve portion is joined ot 3&,000 cm™! with the exgerimental
curve in isoootane, a spcctrogrem for Tronsltion II in leococtane 1s
obtnrined which might be measured Af Tronsition I were entirely missing.
This empirical epectrogram 1s ghown in Pig, 11, Waen the crdinrtes,
from the connecting point to lower wavenumbers, of the expcrimental
and the derived 1sooctane spectrogr-ms arc subtrncted from one another,
abgolute ordinate values for Transition I are obtalned, and these
have been plotted in Fig, 11l in dashed outline,

On the other hand, 1f it is assumed that the imcrease in absorption

of the alcohol solution spectrogram in the reglon from 38,000 ca~l to
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larger wovenumvers is entirely cdue to the shifted Transition I, then
the oblong area between the isooctane curve {curve &) and the alcohol
curve (curve B) from 34,000 en™t %o 37,500 cm—l in Fig, 1 should be
equal 2n magnitude to the portion of the curve B over curve A between
37,500 on ! and 41,000 cm-l.- It méy be sc.n that the two nrens are
~pproximately.in the ratio 2:3, This Would mean that omly 1/3 of the

intenslty increase must stem from a solution effect on Transition II,
. Consequently, the lpw encrgy prnrt of curve B shculd be corrected by only
1/3 of 20 percent, that is by 7 percent, and the dashed area of Tran-
.sition I would be correspondingly smallcr, The best approximate valuecs
would lie between thesc two extreme cnses, Sincec thc whole variation
18 small and since not morec thoan the ccrrect order of magnitude may be
expected, the f values given in Tble II have been obtained by using
the method giving the maximum correction, Although the procelure 1is
probably good enough for an apiroximate scporation of the transitions,
1t should not be forgotten that what here hés been called Transition II
might consist of a n-a% and an n—n*'transition as mentioned before,
This fact would introducc 2 complication into the trcatmcnt of this
reglion, '

According to the well-kn zg equation
£ =4.32 x 1077 /:édv , (2)

the oscillator strength of an electrénic transition 1s proportional to
the area under the absorption curve, In.the case of pyridine, there-
fore, the oscillator strengths of Tronseltione I and II mny be immedlate~
ly datermined from the areas enclosed by the curves of Fig, 11, In thls
research the actual measurcments were made with 2 polrr planimeter from
drawing-board size graph paper, the constructi~nsg for all the substances
being similar to that for pyridine,. For Tronsition II a special element

of arbitrariness arises in the nrea measurement, because at no place on
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the high wavenumber side of the spectrograms does thc vaiue of €& drop
to zero. It wag assumed thnt in the region nround 46,000 - 48,000 cmhl
Transition II and the next strong transition further to the violet
overlap oae another symmectrically cbout the point of minimum absorptior
At this point (eecs Fig, 11) » vertical line was used to Cefine the edge
of the measured are¢a, The results of all the f value determinations
‘are given in Table II, where-all the numbers have been rounded off to
two significant figures,

4 Table II

Oscillator Strengths (f values)

Compound Solution in Isooctane Solution in Ethyl Alcchol
Transition I Transition II Transition II
n-m T-m%* =¥
Pyridine 0.0030 0,041 0,049
2-Picoline 19 47 59
3-Picoline 22 45 53
L-Picoline 2% 32 40
2-Fluoropyridine - 4g 5l
3-Fluoropyridine 22 4g 55
2-Chloropyridine —— hg 55
3-Chlorcpyridine 14 4y Ug
2-Brompyridine ' - L7 50
3-Bromopyridine 095 ko 43
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*
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Discussion

Bklar,lu in his study of the intensitles of m-electron transitions
in substituted benzenes, has shown that when two substituents are both
elther ortho-psra-directing or meta-directing, first-order addition of
"migrational moments" may be made according to the following theorem:
the transition (migraticnal) moment duec to a second radical in the po-
sition'E is rotated from that of a radical in positionj’by an angle
7 = (? 0 Y ) and multiplied by (-1)-2—1»7. The separate vector moments
need not be of the same magnitude, VWhen the substitusnis arc dissimila
in thelr ring-directing property, the vcctor addition is gaverned by
‘the theorem that the migration moment due to a meta=~directing group 1s
180° out of phase from that which would be produced by an ortho-para-
directing group in the same ring position, Shlar presented emplrical
eviderce which Justifiled the omisslon of induction and vibration effect:
in the calculations and assumed the intensity of the electronic transi-~
tions to be proportional to the square of the migrational moments alone,

Sklar's theoretical predictions checked very wcll with data on the-
near ultraviolet absorption spectra of benzcne derivatives for which it {
could be assumed that the ring perturbations werg not too strong and no
new transitions were introdueed by the substituents (methyl benzenes,
for example)., It is interesting, therefore, under the assumption that
the nitrogen in pyridine acts as a meta-directing substituent, that the 3
f values reported here for pyridlne and the plcolines check rather well
with the Sklar theory in the case of Transition II, Dilsregarding facto:
of proportionality, the transiticn moment dlagrams for pyridine and the

picolines would be shown in Filg, 12, The phase for the dlagrams have

1k A.L, Sklar, J. Chem. Phys. 10, 135 (1942) and Rcv, Modecrn Phys,
14, 232 (1942).
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been choesen so that the transition moment of the first substituent
\meta~directing N atom) po’nts slong the ncgative x axis. One sees
immediately that 2~ and 3~picoline should have the esme £ values,
Using pyridine and U-picoline as the "standarda", the calculoted f
value for 2- and 3-picoline is 0,046, Thie result is in excellent

- agreement with the experimental values of 0,047 and 0.045 (see Table
11).

From Table II one can conjecture that the eame good agreement
with Sklar's theory would exist for the halogenated pyrifines if
measurements on the unstable para-derivatives could be made, It
i3 lmporvaint to point out, however, that for the picolines and all
the halogenated pyridines, except the fluorine compounds, the
ortho-substituted substances pasess a slightly higher f value than
the meta-substituted ones, This systematic difference is not
taken care of by the Sklar theory, That the fluorinated pyridines
have the largest £ values is 1n accord with corresponding results
for fluorinated benzene5=15

In contrast to Transition II, the intensity digtribution of
Transition I in pyridine and the picolines can not be adapted %o
the predictions of the gklar theory. This faillure of agreemen?®
is in accord with the view that the transition is not due to 7=~
electrons but rather to the nitrogen nonbonding electrons, The 3
fact that the various Transitions I have osclllator strengths of ;%

s the same order of magnitude as the forbidden 2600 2 transition :
in benzene (f,~/10"3)‘wa the reason for a sugoestion by Kasha
that these transitione are forbidcen ones, However, the analysis

of the vapor spectra12 has shown that the Transitions I are not
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the case for benzene where a weak

15 ¥, Sponer, J. Chem. Phys., in press,
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transition occurs due to the interaction of an antisymmetric vi-
bration of particular symmetry, From symmetry arguments it
follows that the polarization vector is perpendicular to the
plane of the ring and is rasther small since the excited orbital
has a node where the ground state oroital has & maximum, An
additional reason for the weaknees is *hat the excited electron
must move from an orbital localized on the nitrogen atom into a
non-localized orbital distributed over the entire molecule

( "spatial® forbiddenness, Platt).1

gsial Behavlour of Ortho-halogenated Fyridlnes

%1

It is significant that the disappearance of Transition I in
the ortho-halogenated pyridines is not an isoclated ptmomenon, A
nunber of years ago Uber16 and Uber and w1ntersl7 studied the
near ultraviolet absorption spectra of pyrimidine (1,3-~diazine)
and several chloropyrimidines bnth in the vapcr state and in

solution, and they found that some 125 sharp, line-like bands

- which appear with pyrimidine in the 2700-3300 i region disappear

entirely with dichloropyrimidine, Halverson and Hirt2 have
extended the work of Uber and Winters to include a study of the
chlorinated pyrazines (1,4-diazine) and rather less completely
a study of the corresponding pyridizines (1,2-diazine). In
pyrazine, they identified an n-m%* transition at 31,000 en L and

found that the 0-0 band shifted towards the violet by 1700 cm“l

1

with 2-chloropyrazine, by 3200 cm™~ with 2,3-chloropyrazine, and

Uy comparable amounts for several other chloropyrazines, Thus,

16 p,M. Uber, J, Chem, Fhys, 9, 777 (1941),

17 F.M, Uber and R, Winters, J. Amer, Chem, Soc. 63, 137 (19%1),

.
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with this series of compounds the violet shift could be followed
step by step.

Bince the excited m* orbital in the pyrazines probably de-
creases 1n energy upon the chlorine substitution, the localized
orbital of the nitrogen nonbonding electrons must then correspond
in energy to & firmer binding in order to account for the violet
shift of the n-m* transition. A general lack of ionization po-
tential and dissociatlon constant data does not Dermit one to
cheok independently that in these halogenated heterocyclics the
nonponding electrons are more firmly bound thsn in the perent
molecule, but the strongly inductive character of helogen atoms
makes the assumption of increased binding erergy very plausible,
particularly if the halogen atom is located very near the nitrogen

atom, With respect to the results of this research, it can be

fluoro~, 2-chiorvo-, and 2-bromopyridine simply because the 1ine
ductive attraction of the halogen atoms attached to the carbon
atom adjacent to the nitrogen atom lncreases the binding energy
of the nonbonding electrons over thet existing in pyridine. It
is assumed that the increase in energy 1is such that the n-m%*
transition shifts into the spectral reglon of the -1* tran-
sition or further,

With regard to 3-fluoro~, 3-chloro-, and 3-bromopyridine,

IR A

data secured in this lzboratory from vapor-state measurements

P

indicate, if one assuucs a congtant variation for the energy of 43
9
the excited state, that the term value of the nonbonding orbital 3
&

progressively increasecs as the electronegativity of the halogen

LS.

stom increases, The increase in bindiag energy, i1s however, in

v
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these casee ne.er large enough to cause Transition I to shifv
completely into the region of Transition II {see Figs. 6,8, and
° 10). This situation le undoubtedly due to the meta-locatlon of

thie halogen stoms,
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e 2500 R transition of nitrobenzene is interpreted as a
superposition of a strong and a weak transltlon corresponding t>
the 2100 K_and 2600 A trangitions of benzene., The very weak
transition of nitrobenzene near 3500 R is considered to be re-
lated to the N’O2 group. Evidence supporting this interpretation

is given,

*This paper presents a contlinuation of regearch spongored by the
Office of Neval Resgearch,
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INTRODUCTION

The absorption curve of nitrobenzene in solutlon shows a
strong transition without any structure at 2500 A (40,000 cm™l},
5max = SSOﬂ.lae Another transition, which 1s much weaker, has
been obgerved at 3500 3 {28,600 cm“l), bm£§'100.1'3 In the region
nf 2900 E<(3h,500 cm™t) one of the published nitrobenzene curves
shows a very slight inflection, which possibly indicatee the
existence of a third transltlon.l Verious interpretztions have
been given for these transltions.l:LL Recently it has been as-
sumed® that the great intensity of the 2%00 K trangition is due to
resonance of the NOo group with the benzene ring whereby sup-
posedly either the weak 2600 3 transition of benzene (referred to
hereafter as transition I) or a "nitroband" is intensified. In
the following peges a dlfferent interpretation of this transiticn
will be given, It is assumed toc correspond to the 2100 X trang~
ition of benzene, referred to hereafter as transition II, end
the supposed 2900 K transition is interpreted as corresponding to
transition I of benzene, The weak transition at 3500 X is con-
sidered to be related to the NOp group. Thls interpretation as-
sumes that substitutlon of NOp in benzene has the same effect on

the absorptlon spectrum of benzene as substitution by other groups.

It is known that the entry of a substituent into the benzene ring

lk. L. Wolf and W, Herold, Z, Physik, Chem, B 13, 201, (1931);
see. slso Landolt~Bornstein I (1951), Atom-und melekularphysik, 3,
Teil, p. 267.

.G,Brown and H,Reagan, J, Am. Chem, Soc, 69, 1032 (1947).

J¢. Scheibe, Ber. 59, 2517 (1926).

*G, Kortiim, Z. phys. Chem., B 42, 39 (1939),
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moves transitions I and II towards the red, in some cases slightly,

in others to a considerable extent. We assume here that NO, sub-

N

stitution 1i1s no exception to this rule and that tramsition II

shifts so far that 1t covers transition I.

EVIDENCE FOR THE SUGGESTED INTERPRETATION
OF THE NITROBENZENE SPECTRUM

Evidence for the new interpretation may be found from a com-
parison of the absorption curve of nlitrobenzene with the well-

known curtves of

2 4,6
(a) The nitrotoluenes, »5 dinitrobenzenes, ’ o7 and

chloro-nitrobenzenes.l’8

0
(b) ?-nitronaphthalene.g’l

7

(¢) m-nitro-nitrosobenzene.

(a) The absorption curves of the nitrotoluenes, dinitro-
benzenes and chloro-nitrobenzenes., In this section we shall
first present some evidence that the nitrobenzene curve very

o}
probably has a hidden transition near 2900 A, and for this

gL. Dede and A. Rosenberg, Ber. 67, 147 (1934).
P. Flelding and R. W. Le Févre, J. Chem. Soc. (1950), p. 2812.
gn. Nakamoto, Bull. Chem. Soc. Jap. 25, 255 (16523

G. Forster and J. Wagner, Z. physik. Chem, B35. 343 (1937).
13E. Hertel, Ztschr. Elektrochemie 47, 814 (19319.

?. ﬁ.)Hodgson and D, £. Hathway, Trans. Faraday Soc. 41, 115
1945) .,
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purpose the known curves of the nitrotoluenes, dinitrobenzenes
and chloro-nitrobenzenes will be used. Three isomers of each
compcund are known. The meta compounds are the most sultable for
our purposes and will be used for comparison, although the o-
compounds give similar results. The absorption curves of all
three meta compounds resemble the nitrobenzene curve. All show
a maximum absorption peak near 2500 R, Emax ~ 8000 (m-dinitro-
benzene shows in alcohol a distinct inflection at 2600 K 6). All
these compounds have, like nitrobenzene, a weak transition
( &max ~100) near 3500 X. The very slight inflection of the
nitrobenzene curve near 2900 E, which most published nitrobenzene
curves do not show at all, is distinctly revealed in m-nitro-
toluene and in m-dinitrobenzene at about the same location. m-
Chloro-nitrobenzene shows even a well separated transition near
3000 X. These facts make the presence of a hidden transition
near 2900 X in nitrobenzene very probable. K(‘:wrtiim)4 who investi-
gated the absorption curves of the nitrotoluesnes, the dinitro-
benzenes and of s-trinitrobenzene 1in water, came to the same con-
clusion as far as the existence of a hidden transition in nitro-
benzene 1s concerned, but gave an interpretation of the nitro-
benzene transitions which differs from the one presented here.

Ortho-nitrotoluene reveals the hidden transition even more
distinctly than the corresponding m-compound, but the intensity
of the 2500 X transltion is decreased in the o-compound. The same
intensity decrease is shown by o-chloro-nitrobenzene,

The p-compounds are not sulted for our purpose, as in these

compounds the two transitions lie apparently so close together

»

2y,
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that the weaker transiticn is completely masked.

A clue to the intensity of the hidden 2900 R transition of
nitrobenzene can best be obtalned from the correspconding transi-
tion of m-chloro-nitrobenzene. Only in this substance is the
weaker transition well separated from the strong 2500 2 transi-
tion. Its intensity 18 €., ~1300 in hexane, The hidden transi-
tion of nitrcbenzene may therefore be expected to have &8 similar

intensity.

Figure 1

Spectra of meta derivatives of nitrobenzene, all
in nonpoliar solvents with the exception of m-dinitro-
bernizens., Number sbove horizontal bars indicates
e’max' i indicates inflection.

Flgure 2

Nitrosubstitution in benzene and naphthalene,

rnonpolar solvents.* & 1s € from ref, 11,

(b) The absorption curve of B-nitronaphthalene. We have
8o far meds plausible that ian the nitrobenzene spectrum a hidden
transition is very probably present near 2900 X. We now wish to
present evidence that this hidden transition may correspond to

o]
transition I of benzene and that the strong 2500 A transition

11J. R. Platt, J. Chem. Phys. 19, 263 (1951).
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masking the 2900 g transition may correspond tc transitilon II of
% benzene; in other words, that N 5 substitution has the same effect
) on the benzene spectrum as other substiltuents have. Our reasoning
is based on the spectral resemblance of the cata-condensed hydro-
carbons as outlined by Platt,12 and on the fact that certain
f: regularities become apparent when the spectra of benzene and

= naphthalene derivatives are compared.13

Introduction of the same
| substituent in benzene or naphthalene (P-substitution). produces,

expressed in wave numbers, approximately the same shift of transil-

!
£
fj tion I 1in both cases. However, the effect of substitution on
%;5 transition Ii 1is @different. Substituents, which in benzene cause
ﬁél a strong shift of transition II towards the red, shift transition
5% II of naphthalene only slightly and do not change 1its 1intensity
E much. It 1s further known that transitions I of corresponding
?i benzene and naphthalene derivatives have simillar intensities.”
"’:;e

If NO2 substitution has the same effect as these other substitu-
ents, then it strould be possible to predict from the avallable
data of the nitrobenzene curve the shape of the ﬁ-nitronaphthalene

curve. NO2 substitution, according to our interpretation, pro-

duces in benzene a shift of transition I of about 4700 cm‘l.

Approximately the same shift 1is caused by NH2-subst1tution.lu

*These regularities occur for ortho-para directing as well as
for meta directing substituents. See also W. F. Hamner and
F. A. Matsen, J. Am., Chem. Soc. 70, 2482 (1948).

125, R. Flatt, J. Chem. Phys. 17, 470 (1949).

%ﬁﬁ. G. de laszlo, Proc. Roy. Soc. (London) Alll, 355 (1926).
See, for example, R. A. Friedel and M. Orchin, Ultraviolet
Spectra of Aromatic Compounds, John Wiley and Sons, New Ynrk,

Spectrograms No. 83 and 265.
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It can therefore be expected that transition I of B-nitro-
naphthalene 18 located in the same spectral region as 1is transi-

1 with an

tion I of B-naphthylamine, 1. e., close to 29500 cm~
€ value of about 1300. It can further be expected that transi-
tion II of B-nitronaphthalene 18 located in the vicinity of 36400

" 0 .
em™1 {2750 A) and has an intensity of £.,, ~,5000. Actually, an

examination of the P-nitronaphthalene curve shows good agreement

with these predictions, as willl be showr below.

(¢c) The absorption curve of m-nitro-nitrosobenzenz. After
discussing the existence of a hidden transition near 2900 3 and
its Interpretation, as well as that of the strong transition near
2500 K, we now wish to show that the weak 3500 g transition of
nitrobenzene can bhe connected with the No2 group. This transl-
tion, which appears in many substituted niltrobenzenes at nearly
the same position and with nearly the same intensity, has not re-
celved much attenticn lately. Previously, 1t was often connected
with transition I of benzere or with the "Vorbande" of benzenel’"
which, as 1s known now,15 is the 1-0 band of transition I.

Recently Nakamoto7 published the abscrption curve of m-nitro-
nitrosobenzene in alcohol in connection with his work on dichroism.
m-Nitro-nitrosctenzene shows two very weak transitions of the same
intensity (Q,maxﬂd60) at 3900 X and 7500 X. The first of these
is at about the same location at which nitrobenzene has a transi-

tion of comparavie intenslify. A simllar correspondence exists

15H. Sponer, G. Nordheim, A. L. Skiar and E. Teller, J. Chem.
Phys. 7, 207 (1939).
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for the 7520 3 transition for nitrosobenzene and m-nitronitroso-
benzene. This fact suggests that the 3500 K transition of nitro-
benzene and the 3900 R transition of m-nitre-nitrosobenzene are
related to the NO, croup. (See also next section.) It 1s felt
that the evidence given in this section 1s in favor of our inter-

pretation of the nitrobenzens spectrum.

RECENT INTERPRETATIONS OF THE SPECTRA OF
NITROBENZENE AND NITROBENZENE DERIVATIVES

Three papers have recently been pubiished which disag
we do, with the generally accepted explanation of the 2500 g
transition of nitrobenzene.

Doub and Vandenbelt investigated numerous para--16 as well
28 orthe- and meta-17 disubstituted benzene derivatives in water.

They came to the conclusion that, by monc-substitution and disub-

are generally dispiaced in a regular manner towards the red.

Among the substances examined were aromatic nitro-compounds; and
the spectra cf nitrobenzene, the nitrotoluenes, the dinitroben-
zenes and the chloro-nitrobenzenes were interrreted in a manner
similar t¢ thet gliven above, The authors state, however, that the
nitro-compounds do not agree well with thelr correlation and that

the nitro-group seems exceptional. We belleve that this conclu-

i6L. Doub and J. M. Vandenbelt, J. Am. Chem. Soc. 69, 2714 19473.
7L, Doub and J. M. Vandeabelt, J. Am. Chem. Soc. 71, 2414 (ig49
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sion 1is largely due to the fast that nitropr:nole and nitro-
anilines were included in their investigations. These are com-
pounds for which assignments are not easy to make.

Platt'sld

interpretation of the nitrobenzene spectrum is
based on theoretical ccnsiderations which he supports with a com-
parison of the spectra of benzoic acid and nitrobenzene. He
suggests a correspondence between the nitrobenzene transitions
\)max~r330000m'1 and vmaxﬁquOOOcm'l with the benzene transitions
I and II. While we largely agree with his interpretation, we
belileve that the n-Tr band in the nitrobenzene spectrum is not
hidden. It corresponds to the 3500 R transition, which Platt
does not mention.

7

Nakamoto's' interpretation of the spectra of m-dinitrobenzene

and m-nitro-nitrosobenzene in alcohol solution 1is included here.

NO-band NO, -band T-band 8-band
o o o
m-dinitrobenzene - 3300 A (300) 3000 A (1300) 2500 A
(16000)

m-nitro-nitroso- 7500 X (60) 3900 A (60) 3200 & (2500) 2650 R
benzene (18000)

Eﬁax in brackets.

We agree with hls interpretations except that the strong
o] 0
transitions at 2500 A and 2650 A, respectively, are in cur opinion

VW-electron transitions.

l8J. R. Platt, J. Chem. Phys. 19, 10i (1951).

S A TETRILSE PPy T

o e et e A o 8. =

+ LR,



S A A S A R e s

T I BTN N A S S At - e

- 10 -

EXAMINATION COF THE PA-NITRONAPHTHALENE CURVE
IN ISO-OCTANE

One might expect that the B-nitronaphthalene curve would
show a weak transition corresponding to the one near 3500 X found
in the other aromatic nitro compounds discussed above., However,
the absorption curves of Her-tel9 and of Hedgson and Hathwaylodo
not show such a transition. The same result was obtailned by this
author after carefully measuring ﬂ-nitronaphthalene as far as
4500 R. We are, therefore, inclined to believe that this transi-
tion is hildden, a possibility which willl be investigated 1in a
later paper. Since N02-compounds show unusually strong solvent
effects,4 only absorption curves in iso-octane or similar hydro-
carbone should be ccnsldered for comparison purposes. The
A-nitronaphthalene curves so far published were measured in abso-
lute alcohol. This was another reason why the author felt that
2 new determination in a non-polar solvent was adviszble. A pure
sample of 5-n1tronaphthalene was measured therefore with a Beckman
quartz spectrophotometer model DU usilng quartz cells of 1 cm path
length and using purifled iso-octane as solvent. Compared with
the alcohel curve, yhe 1so-octane curve 1s shifted somewhat
towards the u.v. and shows a slight decrease in intensity. It
was further observed that SB-nitronaphthalene shows in 1so-octane

two well-separated transitions of fairly strong intensity.

Fasr.

15, TN P T Ao =2 3
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(o} =
Transitior 2 9Smax = 2920 A (34300 cm 1) e%max = 8200
(o] =
Prax = 3000 A (33300 em™t) By = 8000
-1 c
(o] = A =
o, = 3020 R (33100 em™?) &, = 8270
o ls “1 .
By ™ 3200 A (31200 ecm™ ™) gmin 1640

Transition 2 shows some structure which is not noticeable in
alcohol solution. Positlon and intensity of both transitions
are in good agreement with the predictions given in the second
section, although the intensity of the 3420 2 transition seems
soncwhat too high.

n

A third strong transition of p-nitronaphthalene near 2600 R,

f>max = 25000 corresponds apparently to the strong naphthalene

o
transition at 2200 A.

. O
THE WEAK TRANSITION OF NITROBENZENE AT 3500 A

During recent years certain weak transitions, called n-
transitions, have been fregquently invest:!.gated.lB'21 As the weak
transition of nitro-benzene, and the corresponding weak transi-
tions of other aromatic mtro-compounds, belong possibly to the

group of these n-N transltlons, 1t will be of interest tc examine

%gp. Halvorsen and R. C. Hirt, J. Chem. Phys. 19, 711 (1951).
~-,H. McConnell, J. Chem. Phys. 20, 700 (1952).

€4J. H. Rush and H. Sponer, J. Chem. Phys. 2G, 1847 (1952).
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them further. It should, haowever., be mentioned that on account

of their low intensity and their closeness to a stronger transi-

tion, changes of 1intensity and position are often difficult to

observe.
The results published =20 far by various authers concerning
solvent effects contradict each other. Scheibe,3 Dede and

Rosenberg5 agree that the weak transition of nitrobenzene and of

the nitrotoluenes shifts towards the red when passing from he
to methylalcohol solution. McConnell,20 however, observed in

s-trinitrobenzene a very sisall blue shift (100 cm'l) of an absorp-

tion shoulder near %000 X, £ ~20, in passing from heptane to

water, whereas at wavelengths less than 3860 X the entire spec-

trum undervent & strong red shift. This does not agree with the

findings of other workers whou observed the weak transition of

o o n 22 .
s-trinitrovenzene at 3300 A (Ié%— HCQ),' 3370 A (Cceu) ang

—— P
3500 ﬁ falconoi). - 1t will be of Interest to clarify these

NITROBENZENE AND STERIC INHIBITION OF RESONANCE

The interpretaiicon of the nitrobenzene spectrum given above

is similar to that cof the biphenyl spectrum, which was given in

a previous paper.24 In both cases the implications are the same.

225. Briegleb and Th. Schachowskoy, Z. Phys. Chem. B1g, 255

K. Nakamoto, J. Am., Chem. Soc. T4, 1739 (1952),

24, | Wenzel, J. Chem. Phys. 21, 403 (1953).
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If our interpretation is correct, the current explanation of
intensity decreases by o-methyl-substitution or similar o-substil-
tutions 1in nitrobenzene and biphenyl has to be modified.

It 1s at present generally assumed that the strong intensity
of the 2500 X transition of biphenyl and nitrcbenzene 18 due to
resonance of thc cubstituent with the benzene ring, producing a
large increase of transition I of benzene in the case of biphenyl,
and of transition I or of the NO2 band in the case of nltrobenzene.
It 1s further assumed that the well-known intensity decrease of
the 2500 R transition by o-methylsubstitution can be explained by
the suppressing of this resonance interaction, called steric 1in-
hibitlion of resonance. The author belleves that thles interpreta-
tion 18 incorrect, since the 2500 X transition of nitrobenzene
and biphenyl correspond in her opinion to transition II of benzene.

During the last few years many papers have been published
discussing the influence of steric inhibition of resonance on
absorption curves. It may be that some of the assignments gilven
in those papers shouid be reviewed on the basis of the interpreta-
tions given above. A paper along these lines 1s 1n progress.

The author wishes to thank Prof. Hertha Sponer for her inter-
est 1n thls work and advice, the Du Pont Company for the sample

of #-nitronaphthalene, and Professors S. Mizushima and Y. Nagai

and the Chemical Soclety of Japan for 1library facilities in Tokyo.
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Vapor Absorptiocn Spectra ot Light and Heavy MNaphtlulencs

w
at 29003-25C0 A,

H, SPONER and C. D, GCOPER™™

Department of FLysics, Duks University,
Durham, North Carclina

ABSTRACT
:

The 2900-2500A region of absorption in both light and heavy
nophthalene 1s interpreted as an allowed Alg-B2u transition, and
the bands at 35910 and 36040 cm~l are assigned as the respective
0,0 bands, Upper state frequencies of 130, 485, 710, 995, 1390,
152C, and 1600 cm~l and the ground state frequercies of 195, 495,

. 755, 102k, and 1380 cmrl in the ordinary naphthalene spectrum are
correlated with previously reported Raman frequencies. A correas-

ponding interpretation is given for the vibrational frequencies

occurring in the spectrum of deuterated ngphthalene, The general
appearance of the gpectrum is compared with recent absorption
curves in solid solutlon by Passerinl and Ross, and with crystal

data obtained with polarized light, DPossible occurrence of vi-

brationally induced "forbldden" bands is discussed,

*Regearch nssisted by the ONR under contract Néori--107 T.0.X.,
with Duke University.

#¥pPregent address: Physics Departrent, University of Georgia,
Athens, Georgla,
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The near ultravioclet absorption egpectra of naphthalene have
been studied by many invectigatcrs. As early as 1881 the solu-
tion epectrum1 was reported, Sincc then more reliadble data have
been published, for example, by Morton and de Gouveia,2 Mayneord
ard Roe,3 and the American Petrolcum Institute.u The vapor
spectrum was first reported by Purvis5 in 1912, More detailed
spectrograme and detailled tetles were published by Henri and

de Laszlo®:7 an 192%. The abgorption spectrum of the solid was

1, W. N. Hartiey, J. Chem. Soc. 39, 153 (1831},

§ 2. R, H, Morton and A, J. A. de Gouvela, J, Chem,Soc. 137,
i 911 (1934).

i 3. W, V. Mayneord and E, M. F., Roe, Proc, Roy. Soc, A 152,
i 299 (1935).

% L, A.P.I., Research Project W4 at N, B, S,, Catalog of Ultra-
E violet Epectrograms, Ser, No. 87, California Research
£ Corporation.

i . 5« J. E. Purvis, J, Chem. Soc. 1CL, 1315 (1912),

g 6. V. Henrl and H. de Laszic, Proc. Roy. Soc. & 105, 662

F ‘ (1924),

E 7. H. de lLaszlo, Z, phys. Chem, 118, 369 (1925),
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studled by Seshan,® Sirkar,? au@ Prikhotiko,1%:11 Both the
1nrrared12“lu and Raman spectral5 of naphthalene are known,

For deutsrated naphthalene, thc spectrescoplc data avallable

are rather meager because many of them are in abstract or review

18,19

form or uapublighed (1nfrared,16'17 Ranar, electronic

spectra).20,1

8. P, K, Seshan, Proc, Indian Acad. Sci. 3, 148 (1936).
9. 8. C. Sirkar, Indian J. Phys., 10, 109 (19%6),
10. A, Prikhotjko, J. Phys. (USSR) &, 257 (1i944).

A, Prikhotiko, Izvest., Akad. Nauk UBSH, Ser, Fiz, 12,
459 (1948).

12, P, Lambert and J. Lecomte, Ann, phys. 18, 329 (1932).

13. Barnes, Gore, Liddell, and Willlams, "Infrared Spectroscopy®,
Reinhold, New York, 18+, p. 56,

14, 9. C.)Pimentel and A, L, ¥cClellan, J, Chem, Phys, 20, 270
{1952),

15, K. W. F. Kohlrausch, Ramansvektren, Akademlsche Verlagsge:.eli-
schaft, Beckar and Erler Kowm, Jes,, Leipzig (1943),
pp. 385-39C,

16. L. Correin, Phys. Rev. 79, 2251 (1950).

17. Pergcen, Pirentel, and E€zhrepp, J. Chem, Phys., in press,

18, F. “wirer, Avh Braansclreelg, Wiss, Ges. 1, 33 (1949);

Ggabeaz, Luther, Feldmara, arnd hrandes, Ber. 86 (2), 214
(1555 .

19. Ec H. Lippincott and B. J. C'Rellly, JIre., J, Chem, Phys.,
£
4

r vecs.,
20, €, D. Ccoper and H, Spcnsvr, Fhys. Rev. %7, 213A (1952),

21, K. Spiner uni CGertr:é P, Neordheim, Discuss, Far, S8co. 9y
19 (16BT)
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Bxperinsntal Progedire

The naphtnzlene vsed in this research was purified by Dr,

L, Corrsin., He (bialred Eastionn Kodak®s highest

purlty nsphthalene
and refiuxed it over godlum Y0 rcmoTe a Bus ted thlonaphthene
Ampurity. Further purification was carprled out by repeated re-
crystallization., Dr. Corrsin alsc prepared the deuterated
naphthene by exchange with D.50,. The samplc used contalned about
99% deuterium.

"he optical arrangement used in this rescarch and the methed
of controlling the numbver of molecules in the light path are the
game a8 that used for previous studies from this laboratory. A
quartz ataorption cell 75 cm in length was used. A 2300 volt
AG hydrogen lamp gerved as 2 light cource and an iron arc was
utilized to produce a comparison spcctrum, The spectrograph
consisted of a 3-meter reflectlon grating in a modifiled Eagle
nounting. The grating wasg used in the first order giving a
practically linear dispersion of 5.535 A/mm, FEastman Kodak II-0
and I1-0 U,V, epectroscoplc plates were used ¢md they were
developed for five minuted in D-1% develouper. The vVag

for the different temperatures were obtained from the measurements

of Schlumberger‘?2 and Speranski.,23

22, E, Schlumberger, J. Gasbel, 55, 1257 (1912).
23, A. Bperanski, Zs. Phys. Chem., 46, 74 (1903).
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Experirertal Heaxlts

The l1light end heaTy nophtralene gpectra were studled in
dependence oin ih2ir tomeratire and vapir nreszure for tempera~

=
-
-

tures between 12 and 30, Foo wedl cempounds a few road
ans wwptintn hards are obrerred smvonad 21350 o 2(ETA for a exb-
gsanze terpewnturs of 370 {(C.005 mn Hg)., A% Yre higher tempera-
tuve of 2090 (£.C9% wa Fg Shere 3o complete sbgorption in the
above reglcn and neny Jdirfiyc banie are found between 2900 and

25004, For a temperatzre cf €570

.’\

€.55 mn Hg) many sharp bands
are obgerved btetween 3100 and 25504.

Primarily. thig paper dcsl witlh the abaorption system of
medium intencity betwsen 2320 and £5CUA, Duat +the absence an our
spectra of the eirung vanis repuries Wy Henesdl and de Laszlo be-
tween 2935 and 29%4A should be nuted. & stidy of the thionaph-
thene spezxtruil 1o cLw Lubcvataryﬁlsez sl:ewell that thede bands as
well as gome veker iy ia the ZLESA reglon wess dis 45 a thio-
naphthene irpuvady 1o Henrl and de “aaciofs senole,

e shrenzegh bands i e 25CH-DPUNCA reglon of the navhtha-
iens upestimia axe loeaved al BBYIC, 3,740 aad 33708 cﬁ“l. These
end3 are Aiffuse and are st actectable on a spectrosconic plate
for a suhsianse temseratare of OYC {0,005 mm Hg). With increas-

irz tempseatirs anl pressure, close 1ying diffuse bands appear on

2% R. €. Hecimar, Pnys. Rev, 23, 2%eA (1953),

i
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the red side of each band, Fig. 1 chows the fully develored band
eystem a% 20°C (0,05 mx Ng) and here it can be geen that moat of
the bands £it irtoe Shreo re-oreurring grouvpe whicn have the three
strong bandg mertisred uhuvte au thelir band o loageet wavelength,
The bands are Cegaded towaed fhe wed ali the uwitravicles edge

cf each Tand wae arpcsrad, ALl 0f the meacersd bands are given
in Tedble I, The 90525 L4 aTsewesien reglion Ln the Guterated
nankthalene epucdiom resnrbloeg veey clogely the scriresponding
abaorption in reghilulene. The most notlceable Jifference 1s the
shift of the 35910 em™‘ nerhthaienc band to 35040 cm™+ in the
spectrum of the deuterated sample. A print of thls spectrum is
shown in Fig. 1 and the measured bands are recorded in Table II,
In both Tubles I and II, cclumns one and two contain the wave-
lengths and wavenumbers, regpectively, Column three gives the
geparation from the chosen 0,0 band and column four gives inten-
gity data for different temperatuies and prsgsures, Assignments
are given in the fifth column. Most of the wavelength m@ﬂﬁﬁre;
ments are recorded tc the nearest Angstrom because of the dif-
fuseness of the bands involved., The wavenumbers are accurate éﬁ#
within 10 or 15 wavenumbers, except for those bands that are
extremely diffuse. For these extremely diffuse bands the measgure=-
ment may be in error by 30 c:n"1 or more, Under the intensity
column, estimates of the band intensity are given. They were ob-
tained from microphctometer traeings (Jarrell~Agsh misrophotometer)

and have been supplemented by visusl estimates whers nscessary,

“y
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Absorption bands of naphtheler

Wave- Wave-
length numbersg
A cnr i

289hk.6 34537

93.1 555
92.8 558
91.9 569
91.0 580
0.0 K92
88,2 614
) 87.3 624
: 70.2 831
69.1 auy
68.1 856
651 877
65.6 886
59 965
56.0 35004
5543 012
54,6 021
537 032
52,5 o7
5Le6 058
50,8 068
50,0 077
ho,2 087
- e

Mg,

8srcaration
from

Q
a o
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n

vapor in 2900 %¢ 2500A =regicn

0, Band Intenality
35910 cm-1 |
$=709C $=609C =
2P B B
«1373 W Vw-ar-B
=l1355 mv—d
~1352 m-d ew
1341 m-d ow
-1330 m-3 vw
~1318 m-gd mw vw
1296 m--d w
-1286 m-sd W vw
-1079 ew-d
~-1066 rw-4 ew
-1054 vw-d vw
-1033 v-ad W
~102l IW-~
~3h5 ew-ed-~B
-906 oW
~898 ew-d ew
~889 vw-a ew
-878 vw-8d ow
~863 o~a W
-852 ms--d ms
=gl e-ad ms
833 a-sd ms
~823 g-s8d mg
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36C00

395

115
120

EFig

able - Jeontlnved
o
Intenglty
v
i
£t=20°C $=53"C
vas G5yl B2
ma Hyg Y. g
ew-~ol~-B
vw-23-—-B
e d~B
ve-vd
s~ad
g--8d
Vw~-ed
vw—ed
vw~va
mw-v&
w-va
w-vd
vw-va
g-vd )
s~4a “}
ew—-va
w-vd
ew-4
ew-4
vw—d
vw=3a
mw-vd
mw=va

Aagsignments

0-195
0-130~50
o-140

0-130; 0~2x65

0+90

0+130
O+485-105
O+485-80
O+L485-50, 0+430
o485
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Tarle O - (iontinuved
Senearavion
Wave- Wave- from
length numters ;2 Zand Intensity Agsignments
A omr -4 35915 ol
+=23 C
p=d L
s Ha
39 500 590 ew 6
37 525 15 ew-q o+485+130
35 570 A2 ew--3 0+710-65
30 €20 710 ew-vd 04710
18 780 g70 ew-ed 0+995-13C .
13 850 940 ew-ed 0+995-50C
09 905 995 w-ed 0+995
05 960 1050 ew-~-ed ll
2696 37080 1170 ew--sd
92 135 1225 ew-ed
0 165 1255 vie-ed 0+1290-120
8¢ 2zc 17210 m-ed O+139G-89 1
&l ol 1575 ms -ed 0+1230--65
83 Qe 1350 e-ed 0+1.390-50
&0 %40 13S0 Rl ‘v(;l M 1290 :
79 T15 1235 w7 M-1390+15
7% 3€9 1750 weed +1520-65
7 L33 1200 2-ed 0+139C+130, 0+1520
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Absorption bands cf deuterated naphthalene vapor in the
2900 to 290CA reglion
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The scale used is ac folliws: wvz-very girong, s-strong, ms-
medium strong, m-maliun, oy medlium week, w-weak, VwW-very weak,

and ew—-extremely weok, Otaer noits:icne uged 1n the intensity
column to indicate the aiffusenecs 2f the baad head and to dasig-
nate the broad bandg ares sh-thurp, sd-slightiy Clflfuce, d-diffuse,

vid-very 4iffuge, ed-cxiremely Q2Ifuree

Digcussion

The spectrum studied here reprecentg the second sbsorption
reglon of the naphthaiene molecules for which an allowed trans—
1tion 18 expected with polarization along the shert axis. Since
both light and heavy naphthalene have Doy symmetry, the transl-
tion 1s of type Ajg ~ Boye

The strong bands at 35510 cm~1 An light naphthalene and
36040 em~L in heavy nephtaslene suggest themselves ag the respec~
tive 0,0 bands., The ovserved 130 cm * gaift of the 0,0 vand,
caused by the substitution of neavy hydrogen; ls due to a change
in the zero-point vibrational encrzieeg, From the appearance of
the spectra 1t 1s seen %that a1l esceng bhands can Le exvlained as
resulting from two vibraticns wlth urper etate valiues of 1390 and
185 cm-l in light naphthalens, ani 31%65 and 485 cx~' in heavy
nanhthalcne, The 1390 and 1365 vlbratlons occur in progressions
and in conblnation with the 485 vibration. (See Tebles I and II).
There 1s o 42ude that the 1390 has ¢¥o B apsociited with tho

vory atrurg, polarlzed Ramen line of frequency 1380 cmd in

Soum..
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ordinary naphthalene15 which had been assigned to a totally sim-
metric carbon ring vibration. The same value, namely 1380 cm'l,
has been found by Lippincott® and 0‘Rellly as a streng line in
the Raman speotrum19 of deuterated naphthalene, Whether this
vivrational frequency dces increase in the excited state of
light naphthalene and decrease in heavy naphthalene san ncs bs
determined with certainty due to the diffuseness and broadness of
the absorption bands, In fact, the ground stats frequency of the
1360 vibration could not be ascertained in thc spectrum of the
heavy moleoule, However, the finding of a ground state value of
only 1373 for light naphthalene 1s in agreement with new results
in the Raman epestrum,19 and 1g thers explained®¥* ag resulting
from an accidental degeneracy (Fermi degeneracy) with another
vibrational mode,

The 485 o) frequency occurs singly excited, It is prci-
ably represented in the ground state by the bands at 35415
(1ight)and at 35155 cl (heavy) glving frequencies of 495 and
500 cnr13 respectiveiy., It seeme loglcal %c assoolute these
frequencies with the strong Raman lineg at 512 om~+ (light) and
491 om™1 (heavy), (The reverssl in values is probably not genuine
in view of the diffuseness and troadness of the bands,) The 512
l1ine has been reportéd15 ag polarized and hence was assigned to
a totally symmetric vibration. The only band that might result
from a two-fold excitation of the U485 occurs at 37025 in

®Ye are grateful to Dr, Lippincott for furnishing us the data
on heary naphthalene prior to their publication,

BB e b M e ¥ e

e
|3
##Informatlon obtained in private disouseionc with Dre, O'Reilly, %
Lippincott, and Pimenvel, ¥
B
&
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the heavy molecule, but no counterpart was found in the spectrum
of the light compound, Therefore, the last assignment is con-
sidered doubtfu}, We wlll come Tack to the questlon of the
selective excitatlon of thils vitratlion further below,

Another vibrational frejuency i1s repregsented by the bands at
36505 (Table I) and at 36875 (Teble II) giving 995 cm™+ in the
uprer electronic state of light narhthalene and &35 el in heavy
naphthalene, respectively. If the bands are assoclated with the
vibration which produces the strong polarizsdi Raman lines at
1022 o112 and at 62 cm?lls, the latter frequencies night take
part in bands on the red side of the 0,0 band. However, no such
band wes found in the spectirum of heavy naphthalene, and in light
naphthalene, the assignment of band 34886 to an exoltation of the
1022 in the ground state 1s uncertaln because this band may be-
long to the weaker long wavelcngth transition, Nevertheless,

the mentioned correletion of the G9% and 875 with the Raman valves
is considered corrcct, The 102. em =+ freduency was interpreted
by Kohlravgehl® ag a totally eymnetric CH deformatlon vibration
in the plane, The ochservaticrns in the two uliraviolet spectrea
lend suprort to tiais asulgament,

There 18 a very woak band a% 36520 cm*l 4n 11ght naphthalene
which may be assigned to a O-710 %ransation {Table I). The 710
oceurs in combination witn the 13{0 zeyaration, If it 1s taken
as the vrper state valie of the vibraticn rervesented in the

- . o W
strong. polarized Ranar line ¢ 762 cm™, i% represents a totally

iy e -
T DML 5324 T S O L AT ST =

g

Caedion DU R

%)

L.



LY

L PPN CR N T

oL d
.

s o 5 P T

:

gymmetric carbon ring vibration assuning the interpretation of
the Raman line %o be correot, The vibration may be present in
the ground state irn the very weak band at 35155 cr~l, Bands ire-
dicating the corresponding vibration in heavy naphthalene are
not obvious, but the extremely weak band at 36675 may contain
the corresponding upper state vibration of ©35 in heavy naphtha-
lene,

There are geveral bands in both napithalenesg which contein
vibrational contributions in the range 1500-160C cm~l, The
interpretation of thege bands does not give a complete corres—
pondence for the two molecules but rather leads to some peculime-
1t1es_which Aindlcate tiiat the interpretation may not be conclu-~
sive, For example, there 1s a medium intense band at 37430 in
the 1ight nophthalene spectrun giving a vibrational frequency
of 1520 which occurs also combined with the 1390 frequency.
There are the bands at 37510 and 39125 cm~l, aiso in 1light naph-
thalcene, which might be members of a 1600 progressicn, and there
are in the speetrunm of deuterated naphthalene members of a pos—
sible 1500 progression located at 37540 and 3£990 ecmrl, The
1600, if a fundamental, could only be linked with the Raman line
at 1625 which Kohlrausch had considered to be tetally symmetric,
and the 152C could be linked with the mediurm strong 1576 Raman
line assigned tec class Blg by Kohlrausch.15 It 1s suggestive
to consider the 1500 frequency in the heavy naphthalene sveatrum

as counterpart of the 1520 in light naphthalene, thus relating

v — BERERGe =
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it to the Raman line 154% of deuterated naphthalene,19 We
understand, howevevr, tha* the fentat .ve asgsignment of Kohirausch
has to be reverred (uec our fesincta ¥ ), In our case, it means
thet the bande connested with She 1620 vitvatloang--if it 13 a
fundamental-~are Jongliadinslly zelarized,

Aegignrents of et 0f %he companica Bends acsorpenying ths
main bands are uuvertain since thelr diffuseress allowe mors than
one equally good eagsigument. However, the band at 35715 ol in
the spectrum of ordinary naphthalene is separated from the 0,0
bend by 195 wave numbers and thls might represent the 191 corL
Raman frequency., Since this Raman frequency is depolarized it
must belong tv one of the three gg vibrations, The alngle exci~-
tation of a Blg vibration will give a longltudinal transition
moment, and excltation ¢f a 53g vibration will give a moment per—
pendicular to the molecular plane, No moment is associated with
excitatien of a pEg type vibration, Now a very low-iying glg
vibration 1s not to be expected for naphthalene, and bands with
polarization perpendicular to the molecular plane are generally
considered unlikely for m-n yransitiocns of aromatic molecules,
Therefore, we wculd not discuss i assignuwent o the 191 sepa-
ration to a funcamental, haé we r.ot found a corresponding band
in the heavy compcund 185 cw'l to the red from the 0,0 band whose
value ccincldes well enough with a Rarman frequencyl9 of 180 oml,
Ut course, the 195 could reprecent 3x65 or 2x105 of another vi-

bratien, and the 185 could be 3x65 or 2i90 correspondingly. It
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should be noted that bands were cbegerved 130 emi and 115 om—l
to the vilolet frcm the C,0 bandy 1in .iighl and heavy naphthalene,
respectively, and if taken as uppcr slate vaiues of the 195 and
185 frequencies, the 6570 differences in the twe spectra could
be interpreted as 1,1 and 2,2 transitions of these vibrations,
From 2ll thie we ehousd 1lik2 to inierpres., althovgh tentatlvely,
the 195 and 185 as Bre vibraticis, The foregoing discussion shows
the difficultles encocuntered in the assignment of bands occursing
on the red gldes of the strong bands. It is a difficulty charac-
teristic of vapor spectra of aromatic compounds,

A noticeable feature of the system is the appearance of a
weak band at 90 cm~l to the violet from the 0,0 band in light
naphthalene and 50 cr=~+ correspondingly in heavy naphthalene,

The occurrence of similar companions of other osutstanding hands
is clearly recognlzable in the heavy compound, but 1ls not as
dlstinct in the spectrum of light naphthalene, We cannot give a
convineing lnterpretation of the 90 and 50 cmrl companion bands
at present.

Many bands in the reglon of overlap of the two electronic
transitions are not discusased here (some lying beyond the range
of Table I &nd II) because it 1is believed that they belong to the
first weaker transltlon,

The vibratlonal frequenclea determined from the 2900-2500A

absorption region of both light and heavy naphthslene are col=- .

lested in Table III.

SRR S it 4.
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Table IIX, Vibrational frequencles obteined from the 2900-25CCA
ctral region of light and heavy naphthalene,

Light Naphthalene Heavy Naphtnalene Symmetry
Lower Upper Lower Upper
state state state state
cm-1 em—1 cm—1 cm2
195 130 185 115 ng ?
Los ugs 500 4gs %y
755 710 635 ? g
1024 995 835 @1
1390 1360 e g
1600
150 1500

The analysls presented is neither complete nor entirely
satisfactory, but 1s believed to account for the main feeturecs
of the spectrum, The outstanding bands involve two vibretions
only, the 500 and the 1390 (1360 reep.), In fact, Prikhotjko™>
reported only on these, Thsir promlnence is particularly clear
from microphotometer tracings of the plates, We found a compari-
gon very interesting of our plates and tracings with a very good
reproduction of the second electsunic transition in naphthalene
published recently by Passerinl and Ross.2? It shows spectral
curves taken in ethanol solution at 50°C, 20°C, and ~-80°C, and

in 4:1 ethanol-methanol mixture at -1€3°C, The comparison reveals

25. R.,Paseerini and 1.G.Ross, Journ.8cient,Instr, 30, 274 (1953).

1
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a close resemblance of the evectrum at --183°C with the vapor
spectrum, The first y :ak occuvs in 8c1id solution at 34700, thus
establishing & shift of about 1200 cmt to the red with respect

to the vapor. The strong peaks are about 1400 emrl epart and
there are weaker maxima abcut 500 o't toward the short wavelength
silde of each ¢f the gtrong peaks. The 995 freg
gpeofrum is, in the s0ild soclutlon curve, recognizable as a step-
out only.

When anelyz

4 von dolna
&b oe ). 4 v

he spectrum it was expected to f£ind "for-
bidden" bands of noticeable intensity, i.e. bands with longitud-
inal polarizaticn, The proximity of the strong third electronic
transition assumed o be polarized in the long axie could induce
appearance of such bands through coupling wilth &a Blg vivration,
Theoretliecally, a strong interaction of thils %type has been expected
for the second transition of naphthalene,26 Corresponding for-
bidden bands have been found in the near ultraviolet absorptiocn
spectra (first electronic transitions) of benzene derivatives,
and 1t was observed that thelr appearancs 1s slightly different
from that c¢f the regular bands of the 5ystem.27 Unfortunately,
the difiuceness of the second absorption system in naphthalene
invalldates thls critsrion, Hovever, excltabion of a Bl vioro~

tion {433 em~% upper state value) s uow being held responsible28

26. W. Moffitt, J. Chem, Phys. 22, 320 (1954).
27. For example, 8, H, Wollman, J, Chem. Phys, 14, 123 (1946),

28, Donald 8, McClure, private communication,
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for the strong pcrilen of the f£irat clsctronic transitios. Con—

sequently, this poriicn is ghort axis polarized (comnecting the
=1 band of Nordheim and Spcner with e ,‘312 rather than with a

B,. vibration!). As men%icnead atove, a W8F em~1 vibratior appears
he gecord tranei%ion of both naphthalenes, =t mAY
be added at.this point tast a repeated arncration of UES s alas
found in the overlep rezion of the twe systems., Although the LES
ocaurs epparently singly excited in the second system, 1t Vas
pointed out above that a correlation with the polarized Raman
lines of 512 and 491 crrl 14 guggestive, Howsver, fom the vepor
spectrum alone it cannot be ralad out entirely taat a alg vibre~-
tion may be involved in the bands under discussion., The H&5
could represent a alg vibration, or the band 0 + 485 - 55

(Table I) might involve a geparate vibration of 430 em—1l, In the
first case, a noticeable poriion of the spectrum would have to be
long axis polarized., Comparison with the crystal |sp=3otr~i:.m:'"c
(taken with polarized ard unpolarized light) is &ifficult, &6 has
been mentioned previously,Zl (ongidering the geometrical Brrange—
ment of the molecules in the crysta1,29 it seems that mainly short
axls polarization was uheewrved wiwmthsr the electric vecter ¢f thd

incldent light was paraullel o the a or %o the b axis of the

crystal., The latter case gave the more intense spectra, wizich

29, 8, C, nbzaﬁare, Je M. Rober%son, and J, G. White, Acte
Crystallog:upnlss 276 (1945).
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wag confirmed in later work by Craig and Lyons.3o However, new

results by McClure28 in mixed cryetals of nsphthalene and durene

show conclusively that the secord transitlon is predominantly

? short axis polarized, TaXking the sho:rt axis polarizatlon as
established, the structure and agpeerance of the vepor spectrum
indicates that the lengiitudinal component of the system is vexy
weak provided that the 485 cort separation represents a totally
symmetric ribration,

!

v

[
v
l ”
30, D, P. Craig and L, E. Lyons, J, Chen. Pays., 20, 1499 (1952),
1
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